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ABSTRACT 


We  have  studied  opto-eleotronic  properties  of  semi-insulating 
gallium  arsenide,  including  oxygen  doped,  chromium  doped,  undoped, 
and  ion-bombarded  materials „  We  have  found  that  the  luminescence  from 
chromium-doped  samples  has  much  fine  structure  which  had  not  been 
previously  seen;  this  led  to  a  better  understanding  of  chromium 
complexing  and  of  local  lattice  vibration  and  Fano  anti-resonance  at 
a  substitutional  Cr  site.  We  have  identified  two  other  luminescence 
bands  as  related  to  oxygen  and  native  defects  respectively.  Photo¬ 
conductivity  and  photo-Hall  studies  have  elucidated  some  of  the  optical 
transitions  and  showed  evidence  that  much  of  the  spectral  shape  is  due 
to  quenching  effects.  DhTS  and  thermally-stimulated  current  measurements 
were  used  to  study  oxygen  doped  and  "undoped"  semi-insulating  Ga  As, 
revealing  a  variety  of  deep  and  medium-deep  levels.  A  combination  of 
theory  with  experiment  has  proved  valuable  to  the  understanding  of  the 
photoionization  cross  sections,  Fano  anti-resonance,  and  local  mode 
coupling  of  the  deep  impurity  states. 
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Introduction 

We  have  studied  experimentally  and  theoretically,  the  effects  of  chromium 
and  oxygen  impurities  and  ion  implantation  on  the  optoelectronic  properties 
of  Gallium  Arsenide. 

Techniques  which  were  used  included  photoconductivity,  photo-Hall  effect, 
optical  absorption,  cathodoluminescence,  electroabsorption,  electroreflection, 
and  transient  capacitance. 

Most  of  the  results  are  summarized  briefly  in  the  following  section,  and 
in  more  detail  in  the  attached  reprints  of  published  works.  Additional  work 
on  capacitance  transients,  photo-transport  measurements,  and  ion  implantation 
was  begun  on  this  contract  and  is  still  in  progress.  Reports  on  this  research 
will  be  submitted  when  it  is  completed. 
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II.  Summary  of  Results 

1.  ION  IMPLANTATION  IN  GaAs 

The  apparent  forbidden  energy  gap  of  GaAs  as  seen  In  electroabsorption 
was  found  to  be  somewhat  reduced  In  the  presence  of  impurities  in  the  deple¬ 
tion  region  of  a  p-n  junction  (Penchina  1964).  This  property  led  us  to  use 
electroabsorption,  electroreflectance,  and  optical  transmission  to  study  the 
effects  of  proton  bombardment  (hydrogen  ion  implantation)  on  the  spectrum  of 
Gallium  Arsenide.  The  major  effect  was  a  broadening  of  intrinsic  structure  in 
the  modulation  spectra.  No  evidence  was  observed  of  specific  sharp  deep  levels 
introduced  by  either  the  proton  damage  or  the  implanted  hydrogen  impurities [Oren, 
Quinton,  and  Penchina  1977].  The  results  were  interpreted  as  due  mainly  to  a 
gradual  amorphization  in  islands  with  fairly  well  defined  boundaries.  These 
results  are  described  more  fully  in  an  article  by  Oren,  Quinton,  and  Penchina 
(Oren  1978). 

A  preliminary  study  of  Cr  implantation  has  shown  that  the  0.84  eV  luminescence 
system  is  seen  there  also  (Ushakov  1978).  However,  that  study,  although  it 
claimed  fairly  good  resolution  in  both  the  ion  implanted  and  bulk  GaAs:Cr,  missed 
all  the  fine  structure  splitting  which  we  have  seen.  The  study  did  however  note 
important  problems  which  were  interpreted  as  due  to  out-diffusion  of  Cr  from 
the  substrate  into  the  implanted  surface  layer.  This  diffusion,  if  it  is  as 
interpreted,  could  have  important  implications  for  performance  and  degradation 
of  GaAs  epitaxial  devices.  We  have  implanted  Cr  and  0  into  GaAs  in  order  to 
study  these  impurities  in  a  more  controlled  manner. 

2.  PHOTOCONDUCTIVITY,  PHOTO-HALL  EFFECT,  AND  LOW  RESOLUTION  OPTICAL 
ABSORPTION  IN  GaAs  DOPED  WITH  OXYGEN  AND/OR  CHROMIUM. 

The  photoionization  cross  section  of  an  oxygen  related  deep  level  in 
GaAs  was  determined  from  the  measured  spectrum  of  the  photon  flux  needed  to 
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maintain  constant  photocurrent.  The  results  were  interpreted  as  due  to  an 

axially  symmetric  center.  This  work  is  described  in  an  article  by  Tyler, 

Jaros,  and  Penchina  (Tyler  1977).  A  similar  study  was  carried  out  on  a 

Chromium  doped  sample,  free  of  oxygen  (NR  04-77L,  kindly  donated  by  Dr.  E.M. 

Swiggard  of  the  Naval  Research  Laboratory).  This  sample  showed  a  broad  optical 

absorption  spectrum  (Fig.  3) ,  a  remarkably  similar  Photo-Hall  Mobility  Spectrum 

(Fig  2)  (qualitatively  similar  spectrum,  but  quantitatively  an  order  of  magnitude 

higher  mobility),  and  a  somewhat  sharper  room  temperature  photoionization  cross 

section,  which  further  sharpened  considerably  at  lower  temperatures  (Fig  1). 

These  results  indicate  that  the  sharp  photoconductivity  peak  may  be  produced  by 

hole  excitation  causing  quenching  of  electron  excitation  rather  than  by  a  sharp 
2+ 

resonance  of  a  Cr  excited  state  as  suggested  earlier  [Ippolitova  1975,  Stocker 

and  Schmidt  1976].  These  new  results  have  not  yet  been  published,  but  were 

discussed  in  a  paper  [Penchina  1979]  at  the  2nd  "Lund"  International  Conference 

on  Deep  Level  Impurities  in  Semiconductors,  St,  Maxime,  France,  May  1979. 

3.  LUMINESCENCE  AND  HIGH  RESOLUTION  OPTICAL  ABSORPTION  IN  GaAs  DOPED 
WITH  OXYGEN  AND/OR  CHROMIUM 

Although  Cr  in  GaAs  had  been  the  subject  of  several  studies  of  optical 

and  electrical  properties  for  some  time  (see  e.g.  Allen  1968,  Bois  1974,  Lin 

1976,  Ippolitova  1975)  it  was  not  until  1976  that  a  zero-phonon  line  at  about 

0.84  eV  (Stocker  1976)  and  one  at  about  0.56  eV  (Koschei  1976)  with  associated 

lattice-phonon  sidebands  were  first  reported  in  the  photoluminescence  of  GaAsrCr. 

These  zero-phonon  lines  were  given  several  tentative  explanations,  such  as  band- 

to-level,  resonance-to-level,  or  internal  transition;  various  charge  states  of 

Cr  were  assumed.  By  1978  these  interpretations  had  more-or-less  settled  down  to: 

2+ 

internal  transitions  5E  to  5T2  of  Cr  at  0.84  eV,  and  internal  transitions  of 
Cr3+  at  0.56  eV. 


5. 


Our  experiments  on  cathodo-lurainescence  (Lightowlers  and  Penchina  1978, 

Penchina  and  Lightowlers  1978)  quickly  revealed  a  rich  fine-structure  of  the 
zero-phonon  lines  which  was  not  observed  by  previous  investigators,  and  showed 
that  the  0.56  eV  system  was  present  in  LPE  samples  of  Stocker  and  Schmidt 
(1976)  where  they  had  not  been  seen  before  and  previously  assumed  absent. 

Further  refinements  of  luminescence  experiments,  and  high  resolution  optical 
absorption  measurements  (Lightowlers,  Henry,  and  Penchina  1978,  1979,  Penchina 
ct.al.  1979)  both  as  functions  of  temperature,  have  led  to  a  number  of  new 
findings  which  we  plan  to  explore  further. 

a.  Cr  0.84  eV  The  0.84  eV  zero-phonon”line"  consists  in  reality  of  at  least 

13  very  sharp  (width  less  than  kT  at  4.2K)  closely  spaced  lines. 

Thermalization  of  the  intensities  of  these  lines  led  to  a 

tentative  energy  level  scheme  for  internal  transitions  (Lightowlers 

and  Penchina  1978);  it  does  not  seem  to  be  fully  compatible  with 

2+ 

the  ground  state  splitting  of  Cr  reported  from  ESR  (Krebs  1977A,B),and 

may  be  due  to  Cr  complexed  with  a  nearest  neighbor  donor  (White  1979). 

The  absorption  band  observed  by  Bois  and  Pinard  (1974)  is 

a  background  absorption  added  to  the  0.84  eV  system,  rather  than 

the  phonon  sidebands  of  the  0.84  eV  zero-phonon  absorption  lines, 

2+ 

further  indicating  the  possibility  of  something  other  than  Cr 
involved  in  the  luminescence  transitions. 

The  wavelengths  of  many  of  the  zero-phonon  lines  which  we 
observed  in  cathodoluminescence  and  optical  absorption  were 
confirmed  on  different  samples,  using  photoluminescence  (Koschei 
1978),  further  showing  that  the  fine  structure  is  not  a  property 
of  a  few  particular  samples  or  of  artifacts  of  the  experiment 
(their  resolution  was  insufficient  to  confirm  all  our  13  lines). 

<r 
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A  preliminary  study  of  the  spectral  shape  of  the  phonon  sidebands 
in  cathodoluminescence  indicated  a  Franck-Condon  shift  (due  to 
lattice  relaxation)  of  about  0.06  eV,  independent  of  temperature. 

The  positions  of  zero  phonon  lines  shifted  by  less  than  0.1  nm 
over  the  full  temperature  range  where  they  were  observable. 

0.56  cV  The  0.56  eV  zero-phonon  luminescence  "line"  was  found  to  be 

three  fairly  closely  spaced  broad  (broader  than  kT  at  liquid  He 
temperature)  zero-phonon  lines.  Thermalization  measurements  led  to 
a  tentative  energy  level  diagram  [Lightowlers  6  Penchina  1978, 
Lightowlers  Henry  &  Penchina  1979]. 

The  broadness  of  the  zero-phonon  luminescence  lines,  and  an 
interference  dip  preceding  them,  combined  with  some  recent  optical 
measurements,  leads  to  the  conclusion  [Penchina  et.al .1979,19801  that 
there  is  a  Fano  Anti-Resonance  with  transitions  involving  a  level 
degenerate  with  a  band. 

An  additional  phonon  replica,  due  to  a  local-mode  phonon  of 
40,7  meV  was  found  [Lightowlers,  Henry  and  Penchina  1978]  to 
accompany  these  zero-phonon  lines,  but  not  those  around  0.84  eV, 
leading  to  the  conclusion  that  the  0.56  eV  transitions  involve 
different  charge  states  and  thus  different  local  phonon  coupling 
than  the  0.84  eV  transitions. 

We  have  observed  these  three  0.56  eV  zero-phonon  lines  in  all 
our  samples  which  show  both  the  0.84  eV  lines,  and  a  luminescence 
background  due  to  oxygen  sufficiently  weak  to  prevent  hiding  of 
the  signal  in  the  noise.  Neither  the  fine  structure  of  the  zero- 
phonon  lines  nor  the  local-mode  phonon  replica  has  been  reported 
by  other  experimenters  to  date. 


c.  Oxygen  We  have  observed  a  broad  luminescence  emission  band  [Li ghtowlers, 

Henry,  and  Penchina  1978]  which  peaks  at  about  2  pm  in  almost  all 
samples,  scales  with  the  oxygen  concentration.  When  this  band  is  present, 
even  weakly,  it  makes  the  0.56  eV  Cr  spectrum  difficult  to  observe.  When 
it  is  stronger,  it  buries  the  0.56  eV  Cr  spectrum  in  the  noise,  and  distort 
the  shape  of  the  0,84  eV  Cr  spectrum.  We  have  found  two  samples  which 
contain  oxygen  which  do  not  show  this  band:  one  shows  other  bands,  and  one 
shows  no  bands  obviously  characteristic  of  oxygen.  These  two  exceptions 
indicate  that  oxygen  may  enter  GaAs  in  different  configurations,  charge 
states,  or  complexes,  but  that  in  the  majority  of  samples  it  does  take 
one  preferred  state  which  leads  to  a  well  characterized  luminescence 
band. 

d.  Native  We  have  observed  a  weak  band  peaked  around  1.6  pm  in  nearly  all 

Defect 

samples  studied, independent  of  oxygen  or  chromium  concentration.  We 
observed  this  same  band  in  an  undoped  sample  of  serai-insulating  GaAs  from 
NRL  similar  to  one  in  which  a  similar  band  was  previously  reported 
[Swiggard  1977].  We  attribute  this  band  to  a  native  defect  present  in 
all  samples,  and  must  take  it  into  account  carefully  since  it  contributes 
to  the  background  of  the  Cr  0.84  eV  luminescence  system  and  the  broad 
oxygen  luminescence  band. 

4.  UNDOPED  SEMI -INSULATING  GaAs 

We  studied  thermally  stimulated  current  (TSC)  from  several  samples  of  GaAs 
with  Oxygen  and  Chromium.  In  order  to  better  understand  these  data  we  needed  a 
control  sample.  For  this,  we  chose  semi-insulating  undoped  GaAs  grown  by  LEG  (liquid 
encapsulated  Czochralski)  method  at  NRL  (kindly  donated  by  Dr.  Swiggard)  which  had  very 
little  deep  level  luminescence  (see  3d  above).  However,  it  was  found  that  this  undoped 
GaAs  has  in  fact  a  large  number  of  medium-deep  levels  which  are  easily  observed  in 
TSC  and  prevent  it  from  being  a  good  control. 
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These  results  Indicate  that  the  undoped  GaAs,  although  semi-insulating,  is 


not  extremely  pure.  Since  the  impurity  content  is  not  controlled,  but  inadvertent, 
and  since  these  types  of  materials  are  becoming  popular  for  use  as  substrates 
for  semiconductor  devices,  it  would  be  advisable  to  conduct  additional  research 
to  determine  the  nature  and  behavior  of  these  impurities. 

5.  THEORY 

We  have  carried  out  several  theoretical  studies  concerning  the  properties  of 
deep  defects  in  semiconductors,  with  particular  emphasis  on  problems  associated  with  high 
resistivity  GaAs.  The  chief  objective  was, first  of  all,  to  establish  a  simple  link 
between  theoretical  considerations  (e.g.  a  priori  calculations  of  electronic  energies 
and  wave  functions)  and  the  observed  spectra.  Hence,  attempts  have  been  made  both  1 

to  interpret  fresh  experimental  results  (obtained  at  Amherst  and  elsewhere),  and  ] 

to  improve  the  theoretical  framework  itself. 

Analytical  impurity  wave  functions  associated  with  deep  levels  in  semi¬ 
conductors  (e.g.  GaAs:D,  GaP:0)  were  calculated,  using  a  pseudopotential  scheme [Jaros  1977 J 
in  which  a  realistic  and  convergent  model  was  employed  to  represent  the  host 
crystal  band  structure  and  the  impurity  potentials.  The  effects  determining  the 
form  of  the  wave  function  were  studied  with  a  view  to  establishing  a  relationship 
between  the  position  of  a  deep  level  in  the  gap  and  the  localization  of  the  wave 
function. 

The  optical  impurity-to-band  cross  sections  involving  deep  levels  were  computed  as  a 

function  of  photon  energy  and  temperature  [.Jaros  1977, Tyler  19771.  The  electron-Dhonon 
interaction  was  taken  into  account  within  the  strong  coupling  model  of  Huang  and 
Rhys.  A  relatively  simple  formula  was  derived  which  can  be  used  to  interpret  optical 
cross  sections  associated  with  deep  centers  dominated  by  a  short  range  potential. 

Numerical  results  were  obtained  for  CaP:0,  GaAs:0  and  SitAu  and  the  threshold 
energies,  the  magnitude  of  the  Franck-Condon  effect  and  the  temperature  dependence 
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of  the  binding  energies  determined.  It  was  possible  to  relate  the  optical 
spectra  to  the  recombination  processes  in  the  material. 

A  theoretical  estimate  of  Auger  recombination  cross  sections  from  full- 
scale  calculations  of  electron-electron  and  electron-lattice  interactions  was 
also  made  and  related  to  numerous  observations  in  TII-V  materials.  [.Taros  19781 
The  most  important  conclusions  can  be  summarized  as  follows: 

a.  Given  the  band  structure  of  the  host  crystal  and  a  localized  potential 
dominated  by  a  redium  or  short  range  term,  we  can  compute  the  energy 
spectrum  almost  as  accurately  as  necessary.  This  excludes  atoms  with  open 
d-shells. 

b.  Both  the  conduction  and  valence  bands  play  a  significant  part  in  the 
formation  of  the  impurity  energy  and  wave  function.  The  final  position  of 
the  level  depends  on  a  delicate  cancellation  process. 

c.  In  the  past  the  localization  of  the  wave  function  has  been  assessed  by 
relating  the  argument  of  the  exponential  tail  of  the  function  to  the 
impurity  energy  defined  with  respect  to  the  nearest  relevant  band  edge.  As 

a  result,  the  localization  becomes  a  sensitive  function  of  the  impurity  energy. 
This  view  is  inadequate  in  the  case  of  deep  levels. 

d.  The  localization  of  the  wave  functions  has  been  shown  sufficient  to  cause 
a  substantial  Franck-Condon  effect. 

e.  During  displacements  of  a  certain  symmetry,  the  localization  of  the  wave 
function  does  not  deteriorate  substantially  even  if  the  level  approaches 

the  band  edge.  Thus,  it  becomes  a  highly  localized  shallow  impurity.  [Brand 

19771  Accordingly,  the  multiphonon  transition  probability  can  be  large, 

as  indicated  by  observed  thermal  broadening. 

f„  Many  (most?)  deep  centers  can  bind  more  than  one  particle.  The  electron- 

electron  interaction  is  about  0.1 -0.2  eV/electron  and  the  Auger-tvpe 

^  2 

recombination  cross  section  can  be  large  (10  -  10  cm  ) . 
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Theoretical  analysis  of  the  Fano-anti  resonance  and  local  mode  sidebands 
in  luminescence  [Penchina  et  al  1979,  Penchina  1980]  has  shown  that  Cr  on  an 
As  site  slightly  increases  the  local  force  constants,  and  has  optical  transi¬ 
tions  to  resonant  state  degenerate  with  the  continuum. 

6„  WORK  STILL  IN  PROGRESS 

A  study  of  capacitance  transients  in  0  doped  GaAs,  studies  of  photo-Hall 
effect  and  Photoconductivity  in  0  and  Cr  doped  GaAs,  and  studies  of  GaAs 
selectively  implanted  with  isotopes  of  Cr  and  0  were  begun  under  this  contract. 
Some  of  this  work  is  still  in  progress.  A  report  on  these  studies  will  be 
submitted  as  an  Appendix  when  the  work  is  completed. 
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Calculation;*  o«*  the  effect  of  displacement  upon  deep  donor  levels 
suggest  significant  differences  between  groups  IV  and  T.II-V  semi- 
conductors.  We  conclude  that  oxygen  in  '»aA«  and  GaP  should  possess 
tetrahedral  symmetry  and  predict  a  large  trigonal  distortion  for 
substitutional  nitrogen  in  diamond.  Our  results  indicate  that  the 
level  duo  to  N  in  diamond  occurs  in  the  upper  half  of  the  bend  gap. 


We  have  calculated  the  effect  of  displace¬ 
ment  or  the  position  of  deep,  cxygen-like  donor 
l“vei r  in  the  forM'id*»n  band  gap  of  GaAs,  GaP, 

M  and  diamond.  Our  reoults  indicate  rubstan- 
tini  *1 1  ffe reiu*»'s  between  group  IV  end  Y.II-V 

rjnln*  In  particular ,  we-  show  that  a  static 
trigonal  (outward)  displacement  or  the  'jubstvn- 
tial  donor  nitrogen  in  Hri/nond  3 ends  to  on 
increase  In  the  impurity  I oni Litton  energy. 
Although  our  results  for  K  In  diamond  suffer 
from  a  targe  uncertainty  due  to  the  choice  of 
the  Impurity  potential  and  1 ack  of  seif- consis¬ 
tency  at  large  displacements*  these  results 
suggest  that  the  donor  level  occurs  in  the  upper 
half  of  tne  band  gap. 

Oxygen  is  n  very  common  impurity  ir.  mo3t 
semi  conductors .  In  C»aP  ii  is  known  to  be  «  deep 
substitutional  donor.  The  denth  cf  the  levej 
•  ^0.0  cV  l  In  the  band  gap  is  govern  el  by  t.he 
short  ra»  ge  part  of  the  potential  which  \  *>  basic¬ 
ally  derived  from  the  difference  *jr  the  atomic 
cores  of  oxygen  and  the  host  atom  (ir.  ?). 
screened  with  en  appropriate  <1'  electric,  f  •-nc'- Son. 
Under  such  circumstance*  one  might  expr-*r  oxygen 
in,  a  ay ,  GaAtf  to  brhuv***  i  ▼;  ?»  :;mi  !»ir  il'in. 

Mere  we  ’ire  not  referring  to  the  ground  *1  ".t? 
energy  (which  is  known  tc  be  very  sensitive  to 
the  depth  and  range  of  the  impurity  potential ) 
but  rather  to  the  nature  of  the  state,  i  .r.  its 
symmetry  aril  moat.  Vkely  ua*hr  of  rc^owbi  ration, 
anl  the  forre  of  the  latH^e  uirt.ortlon  ir  the 
vicinity  of  the  impurity.  Accordingly,  in 
thin  study,  we  take  the  potential  character 1 3ti e 
of  oxygr-r.  In  Ga!  and  set  out.  to  study  the  ml  a 
or  tne  host  lattice  In  determining  the  proper¬ 
ties  o*‘  deeo  donor  *«/cjs  luc  to  ;h.ir  potential 
in  GaAe,  Gar,  SI  and  diamond.  In  all  car •• , 
this  potential  producer  a  deep  donor  level  in 
tpe  upper  hrlf  of  the  forbidden  gf  . 

r<e'*entiy,  we  haw*  attempted  to  model  nor.- 


*  >r  i t-i’/r-  -  r  nbnerv-c  from  the 

•u *J.K. 

in  part  hv 


radiative  (multiphoncn )  rsecwibl  nation  Tin  th» 
two-electron  level  of  oxygen  in  3»?  ORd(  3f»-0 
pair  In  Oft?  by  displncing  the  impurity  ps*uJo 
atom,  from  the  Jr  substltut'  otoj.  (perToet  crystal  ' 
noait.lons  ar«l  evaluating  the  Impurity  etseivl  »:i  *» 
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Fia.  1:  Tie  impurity  enerny  £■  (d)  .(MMurSd 
from  the  conduction  band  of  the  boat 
material),  as  a  function  of  displacwwnt 
d  which  is  expressed  as  8  pertanta*®  of 
the  relevant  perfect  crystal  pcoruei 
neiRSibour  Kecanao, 
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•  function  of  tba  lattice  coordinated ).  TIN  me¬ 
thod  required  for  such  a  calculation  aad  Its  sen* 
vergeoo*  properties  have  been  described  la  sew 
detail  [^S].  The  essence  of  the  netted  consists 
in  expressing  the  impurity  ease  fusetlon  la  tSrue 
of  the  unperturbed  host  crratal  elgeafuaetleoe  and ' 
solving  the  one-electron  Schr&dlnger  equation  nu¬ 
merically.  Typically,  ten  beads  and  ssvaral 
thousand  points  in  the  reduced  tone  are  required 
to  achieve  satisfactory  result*.  The  impurity  is 
represented  by  s  screened  atoulc  pseudopotential 
[it].  This  mV  be  a  severe  approximation  since  the 
concept  of  a  neutral  pseudoatom  nresuppoies  aa 
atom  in  a  strictly  periodic  lattice.  Therefore, 
our  model  cannot  yield  a  truly  quantitative 
description  of  the  problem.  However,  it  is 
hoped  that  calculations  such  as  ours  nay  vail 
supplement  the  existing  often  merely  phenomeno¬ 
logical  considerations  In  this  field. 

In  Fig.  1  ve  present  the  results  of  our 
calculations  of  the  change  in  the  Impurity 
energy  I,,  as  a  function  of  the  dleplacMsent  d. 

The  energy  E^  of  the  isipurity  with  respect  to 
the  conduction  band  of  the  vibrating  lattic*  is 
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results  In  Figs .  1,  3  art  nut  aaaSiVir*  to  Mb'  I 
precise  position  of  the  deep  land,  la  the  bead  .  ’  ] 
gap  aad  near  be  regarded  as  typical  for  this  else*.  ■,  T 


LATTICE  DISPLACEMENT 


Fig.  la:  The  impurity  energy  E{,  shown  in 

Fig,  1,  and  in  Fig.  3,  represents  the 
energy  with  respect  to  the  conduction 
band  in  a  vibrating  lattice.  Thus 
can  be  pictured  as  s  separation  of  the 
potential  curves  in  e  standard  configu¬ 
ration  coordinate  diagram  shown  above. 

calculated  as  In  ref.  [ 1 ] .  Bj  and  d  are  illus¬ 
trated  in  Fig.  ?a  and  b,  reap.  In  Figs  1,  3  and 
U  the  displacement  is  expressed  as  a  percents** 
of  the  corresponding  perfect  crystal  nearest 
neighbour  distance.  Fig.  3  shows  the  results 
for  diamond. 

As  expected,  very  little  difference  Is 
found  as  far  as  OaP  and  OaAs  are  concerned. 
Although  we  present  our  result*  for  displacements 
as  large  at  bog,  it  must  be  emphasized  that  our 
model  becomes  quite  unrealistic  for  large  d. 
However,  in  spite  of  their  rather  academic 
clwrnrt-r,  the  recults  for  d  %  10-30?  do  help  u* 
to  understand  the  overall  trend.  In  contrast 
with  the  case  of  OaAs  and  OaP,  where  the 
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of  impurity  (l.e.  a  deep  donor).  The  potential 
ve  use  In  our  calculation!  for  G*P  and  OaAa  It 
}ulte  reall'ttlc  and  a  flood  estimate  vat  obtained 
[?)  of  the  depth  of  the  corresponding  tingle 
donor  level!  In  these  materials.  The  potential! 
for  CaP: 0  and  CaAs:0  are  of  almost  identical 
shape  and  similar  atrenflth.  Therefore  the  re¬ 
sults  shown  In  Fig.  1  of  the  displacement  calcu¬ 
lations  on  these  materials,  at  least  for  small  d, 
are  amenable  to  experimental  verification.  How¬ 
ever  when  ve  come  to  use  this  potential  in  fli  and 
diamond  ve  are  merely  examining  the  effect  of 
the  host  crystal  oroperties  upon  the  change  in 
the  position  of  a  state  associated  with  such  a 
potential.  Hence  the  results  in  Figs.  1  and  3 
concerning  Si  and  diamond  do  not  correspond  to 
any  observable  process. 

It  would  appear  that  the  covalent  lattice 
is  less  stable  in  the  presence  of  a  deep  donor 
and  may  favour  lower  symmetry  configuration  for 
the  impurity.  The  existing  experimental  data 
does  point  in  the  same  direction,  luminescence 
spectra  associated  with  oxygon  in  GaP  [5]  ara 
consistent  with  a  model  based  on  Tg  symmetry  for 
the  centre.  Our  numerical  efforts  [3,6]  to 
assess  the  effect  of  a  static  distortion  upon 
this  imourity  are  in  agreement  with  this  experi¬ 
mental  evidence.  On  the  other  hand  both  oxygen 
m  silicon  and  nitrogen  in  diamond  are  known  to 
possess  lower  symmetry  [7,8 ] . 

N  in  diamond  is  of  particular  interest 
since  it  is  a  "simple"  donor.  Therefor*  we 
decided  to  attempt  a  calculation  of  the  binding 
energy  of  a  substitutional  nitrogen  donor  in 
diamond.  A  calculation  of  the  effect  of  static 
lie. placement  upon  a  deep  level  ban  been  des¬ 
cribed  in  ref.  3  and  will  not  be  repeated  here. 

As  before,  no  correction  is  made  to  account  for 
changes  in  the  valence  band  due  to  the  dis¬ 
placement.  Therefore,  we  cannot  predict  a 
minimum  energy  displacement  and  our  model  be¬ 
comes  unrealistic  for  large  d.  Another  diffi¬ 
culty  arises  in  connection  with  the  choice  of 
the  potential  since  several  somewhat  different 
pseudopotentialo  are  available  19,10].  Also 
some  error  is  introduced  by  processing  tbe 
potential  for  the  calculation.  To  avoid  the 
difficulties  involved  in  choosing  "the  best” 
Dotentla],  ve  nerformed  our  computations  vith 
O’,  likely  candidates  and  show  the  results 
fee  l':e  weakest,  and  strongest  potentials  in  Fig. 

’.’he  gay  between  the  two  curves  is  large  but 
!*.  is  obvious  that  the  outward  trigonal  (static) 
iisciiacer.ent  always  increases  the  binding  enerfff 
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Fig.  4:  The  effect  of  a  static  displace**** 

the  ionisation  energy,  c{t  associated  ,  >v 
«**%  a  auhatitutieoal  .nitrogen  donor Jte  ( 

itmmroA.  A  is  de&iidd  e&frUr'Ms^.JWr>...  ' 
Ci  is  measured  fro*  the  famtUNMK'-tffe 
conduction  band  irteV.  between  \ 

tbe  lower  and  upper  Ourves  indicates  the  ’  ' 

uncertainty  due  to  the  choice  of  tb*  ? 

ISpurity  potential. 

.  •  •  V  ’ 

of  the  donor.  The  result*  It  suggest 

that  the  level  due  to  para»*gb*tJ,e  nitrogen  ilii  ■'  . 
lb  diamonds  should  be  found  In  tbd  tipper  half  of 
the  forbidden  band  gap,  in  con  treat  with  the  '■•‘"v"  ■" 
predictions  of  Mcssmer  and  Watkins  {ill-  Indeed 
the  optical  and  thermal  excitation  experiments 
of  Farrer  [12]  Showed  that  the  nitrogen  level  ' 

may  lie  at  h>  1.7  eV  from  the  bottom  of  the  con-  .  ,  ■■  ' 
duction  band.  This  view  is  supported  by  an  up- 
to-date  analysis  of  the  existing  experimental  ^ 

data  [8]. 
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Wave  functions  and  optical  cross  sections  associated  with  deep  centers  in  semiconductors 
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Analytical  impurity  wave  functions  associated  with  deep  levels  in  semiconductors  (e.g.,  GaAs  O,  G«P:0) 
are  calculated,  using  a  peeudopotcntial  scheme  in  which  a  realistic  and  convergent  model  is  employed  to 
represent  the  host-crystal  band  structure  and  the  impurity  potentials.  The  effects  determining  the  form  of  the 
wave  function  are  studied  with  a  view  to  establishing  a  relationship  between  the  position  of  a  deep  level  in 
the  gap  and  the  localization  of  the  wave  function.  It  was  found  that  the  localization  is  not  a  sensitive 
function  of  the  impurity  energy  measured  from  the  nearest  band  edge.  The  optical  impurity-to-band  cross 
sections  involving  deep  levels  are  computed  as  a  function  of  photon  energy  and  temperature.  The  electron- 
phonon  interaction  is  taken  into  account  within  the  strong-coupling  model  of  Huang  and  Rhys.  A  relatively 
simple  formula  is  derived  which  can  be  applied  to  interpret  optical  cross  sections  associated  with  deep  centers 
dominated  by  a  short-range  potential.  Numerical  results  are  presented  for  state  one  and  two  of  GaPO,  and 
the  threshold  energies,  the  magnitude  of  the  Franck-Condon  effect,  and  the  temperature  dependence  are 
determined.  A  brief  discussion  is  given  of  optical  cross  sections  associated  with  deep  centers  in  GaAs  and  Si. 
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1  INTRODUCTION 

Photoexcitation  has  been  widely  used  with  suc¬ 
cess  to  study  shallow  and  deep  impurities  in  semi¬ 
conductors.  The  main  features  responsible  for 
this  success  are  the  speed,  sensitivity,  and  the 
spectroscopic  character  of  the  technique.  In  con¬ 
trast  with  standard  conductivity  measurements  of 
the  thermal-activation  energy  of  the  Hall  constant, 
the  optical  method  provides  data  for  the  relevant 
transition- matrix  elements.  The  spectral  distri¬ 
bution  of  the  optical  cross  section  can  be  deter¬ 
mined  at  a  number  of  photon  energies  and  in  a  wide 
range  of  temperatures.  Thanks  to  the  great  sensi¬ 
tivity  of  the  technique,  the  spectral  distribution 
can  be  accurately  assessed  over  several  orders  of 
magnitude.  Hence  it  is  possible  to  study  the  broad¬ 
ening  of  the  signal  due  to  the  electron-phonon  inter¬ 
action  in  some  detail.  In  brief,  the  information 
provided  by  a  well-planned  experiment  of  this  kind 
may  yield  the  position  of  the  impurity  level  in  the 
forbidden  gap,  the  character  and  magnitude  of  the 
coupling  between  the  impurity  and  lattice,  the 
properties  of  the  impurity  wave  function,  and  the 
temperature  dependence  of  the  impurity  level.  Ac¬ 
cordingly,  the  method  has  recently  been  refined  in 
several  directions.  For  example,  the  technique  of 
photocapacitance  spectroscopy  has  been  developed 
which  allows  the  deep  levels  within  the  space- 
charge  layer  of  a  p-n  junction  or  Schottky  barrier 
to  be  studied  directly. 1,2  This  technique  has  been 
demonstrated  by  Henry  and  collaborators3’4  to  be  a 
fine  tool  for  the  study  of  deep  levels.  A  quasi- 
equilibrium  spectroscopic  method  which  uses  two 
light  sources  and  a  differentiated  photocapacitance 
signal  has  been  developed  by  White  et  al .*  *  Grtm- 
meiss  et  al?  have  pioneered  a  method  which  is 


based  on  the  fact  that  the  occupancy  of  an  impurity 
level  is  not  changed  during  illumination  with  pho¬ 
tons  of  different  energy  if  the  photocurrent  is  kept 
constant.  As  a  result  of  this  lively  development  a 
great  deal  of  experimental  data  has  been  made  av¬ 
ailable.  The  strong  overlap  of  this  information  with 
that  provided  by  related  methods,  e.g.,  lumine¬ 
scence,  optical  absorption,  etc.,  further  enhances 
the  value  of  the  above-mentioned  efforts.  Un¬ 
fortunately,  the  interpretation  of  the  experimental 
data  concerning  the  optical  cross  section  is  not 
always  straightforward  and  a  theoretical  model  is 
an  essential  ingredient  in  any  event.  Although  the 
processes  associated  with  shallow  impurities  seem 
well  understood,  this  is  not  the  case  for  deep  chem¬ 
ical  impurities  and  defects.  Indeed,  a  truly  quanti¬ 
tative  analysis  cannot  be  hoped  for  at  the  present 
time  because  our  general  understanding  of  the  deep 
level  problem  is  still  poor.  Yet  it  may  seem  de¬ 
sirable  to  make  use  of  the  existing  insight  and  aim 
at  producing  a  general  prescription  which  would 
enable  us  to  extract  as  much  information  as  possi¬ 
ble  from  a  given  experimental  data. 

Recently ,  we  have  performed  calculations  of  Im¬ 
purity  energies  associated  with  chemical  impurities* 
and  lattice  defects9  in  III- V  semiconductors .  In  some 
cases  we  also  computed  the  wave  functions  associated 
with  deep  states.  In  Sec.  II  we  extend  this  calcula¬ 
tion  with  a  view  to  establishing  a  relationship  be¬ 
tween  the  position  of  the  level  in  the  forbidden  gap 
and  the  localization  of  the  wave  function.  In  the 
past  the  localization  of  the  impurity  wave  function 
has  been  assessed  by  relating  the  argument  of  the 
exponential  '‘tail”  of  the  wave  function  to  the  impur¬ 
ity  energy  defined  with  respect  to  the  nearest 
relevant  band  edge.  As  a  result  the  localization 
becomes  a  sensitive  function  of  the  position  of  the 
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impurity  level  in  the  gap.  This  approach  has  been 
shown  correct  in  the  case  of  “shallow”  impurities, 
i.e.,  those  impurities  whose  nature  is  determined 
by  a  prevailing  role  of  the  long-range  Coulomb  po¬ 
tential.  Our  calculations  indicate  that  the  position 
of  a  deep  state  in  the  gap  may  not  necessarily  be  a 
good  indication  of  the  degree  of  localization.  This 
result  can  be  understood  if  we  study  the  formation 
of  the  Impurity  energy  and  wave  function  in  terms 
of  the  individual  contributions  associated  with  var¬ 
ious  parts  of  the  wave- vector  space.  In  general, 
numerically  significant  contributions  can  be  found 
even  from  bands  lying  farther  from  the  principal 
gap.  The  position  of  the  impurity  level  in  the  gap 
is  a  result  of  a  delicate  cancellation  process  in 
which  all  these  contributions  play  a  part.  Con¬ 
sequently,  the  “depth”  of  the  level  is  not  simply 
linked  to  the  degree  of  localization  of  the  corre¬ 
sponding  wave  function.  Since  the  impurity  energy 
defined  in  this  way  is  really  a  difference  between 
large  terms  of  opposite  signs,  it  is  not  surprising 
that  it  is  a  sensitive  function  of  the  strength  and 
symmetry  of  the  impurity  potential.  The  impurity 
wave  function  appears  to  be  highly  localized  and 
the  degree  of  localization  is  not  so  sensitive  to  the 
strength  of  the  potential.  Both  these  observations 
seem  useful.  In  particular,  they  allow  us  to  simp¬ 
lify  calculations  of  the  optical  matrix  elements. 

In  Sec.  in  we  deal  with  photoionization  cross  sec¬ 
tion  oT(hv)  as  a  function  of  photon  energy  hv  and 
temperature  T.  The  electron-phonon  interaction 
is  accounted  for  within  the  strong  coupling  model, 
in  the  quastclassical  approximation.10111  We  arrive 
there  at  a  simple  prescription  which  allows  us  to 
deduce  from  a  set  of  experimental  data  the  position 
of  the  level  in  the  gap,  the  magnitude  of  the 
Franck-Condon  effect,  the  temperature  dependence 
of  the  impurity  level,  and  to  a  large  degree,  also 
the  symmetry  of  the  impurity  wave  function.  In 
Sec.  IV  we  apply  our  model  to  a  set  of  data  con¬ 
cerning  Gap-.O.  We  also  comment  on  optical  prop¬ 
erties  of  similar  states  in  GaAs  and  Si.  We  em¬ 
phasize  there  the  need  for  studies  of  temperature 
dependence  of  the  optical  cross  sections,  without 
which  any  data  would  seem  to  be  incomplete  and  its 
Interpretation  at  least  to  some  extent  ambiguous. 

II.  IMPURITY  WAVE  FUNCTIONS  ASSOCIATED 
WITH  DEEP  LEVELS  IN  SEMICONDUCTORS 

Recently,  we  have  reported  detailed  calculations 
concerning  energy  levels  associated  with  "deep" 
chemical  impurities  and  lattice  defects  in  GaAs 
and  GaP.*’*  The  most  obvious  aim  of  such  calcula¬ 
tions  is  to  predict  the  positions  of  the  impurity 
levels  in  the  forbidden  gap.  Indeed,  the  impurity 
energy  is  often  the  only  observable  that  is  available 
from  experiment.  However,  with  the  advance  of 


various  techniques  of  optical  and  capacitance  spec¬ 
troscopy  some  additional  data,  e.g.,  carrier  capture 
or  photoionization  cross  sections,  is  becoming 
available,  in  most  cases,  such  an  information  can¬ 
not  be  processed  and  made  use  of  in  the  absence  of 
a  reliable  description  of  the  impurity  wave  func¬ 
tion.  It  is,  perhaps,  characteristic  of  the  state  of 
art  in  this  field  that  very  little  is  known  about  the 
wave  functions  associated  with  levels  lying  further 
within  the  band  gap.  One  might  expect,  as  usual  In 
quantum  theory,  the  wave  function  to  be  a  more 
sensitive  indicator  of  any  inadequacies  of  a  model. 

It  has  been  shown,  in  the  early  days  of  solid-state 
theory  that  the  wave  functions  of  the  so-called  shal¬ 
low  impurities  can  be  thought  of  as  a  product  of  an 
envelope  slowly  varying  smooth  function ,  and  a 
periodic  function  derived  from  the  lowest-lying 
band  minima.12  It  was  also  shown  that  such  an  ap¬ 
proximation  must  break  down  if  the  dominant  part 
of  the  Impurity  potential  becomes  more  localized. 

If  we  then  expand  the  impurity  wave  function  4  in 
terms  of  the  complete  set  of  eigenfunctions  of 
the  perfect  crystal  Hamiltonian 

4(T)  =  ZA„'i<p„t(t),  (1) 

the  coefficients  A„>;  associated  with  bands  and  wave 
vectors  farther  from  the  absolute  band  minima  or 
maxima  may  still  be  numerically  significant,  [in 
(1),  n,  k  label  bands  and  reduced  wave  vectors, 
respectively.]  The  simple  separation  of  the  impur¬ 
ity  wave  function  into  the  envelope  and  periodic 
parts  is  no  longer  possible  and  the  wave  function  4 
must  be  calculated  numerically.  We  can,  for  in¬ 
stance,  compute  the  Impurity  energy  and  coeffici¬ 
ents  A.tj  following  the  methods  of  Refs.  8  and  9  and 
output  <M?)  of  Eq.  (1)  at  some  real  space  points  ?0. 
As  we  shall  see  later,  such  a  procedure  reveals 
some  interesting  properties  of  the  wave  function. 
However,  it  might  be  more  convenient  to  generate 
4  directly  in  an  analytic  form  as  a  solution  of  the 
Schrddinger  equation  with  the  proper  Hamiltonian 
and  impurity  energy. 

It  Is  borne  in  mind  that  a  small  angular  varia¬ 
tion,  and  a  nodal  structure  extending  far  beyond 
the  nearest-neighbor  distance  may  not  be  relevant 
if  we  choose  to  deal  with  a  deep  state  of  At(Tt 
group)  symmetry.*’1’  Indeed,  one  expects  a  car¬ 
rier  with  an  energy  near  the  middle  of  the  gap  to 
be  well  localized  within  the  volume  comprising  the 
impurity  and  its  nearest  neighbors.  In  such  a 
case  only  a  few  parameters  may  be  sufficient  to 
capture  the  most  Important  features  of  4  and  pro¬ 
vide  a  useful  analytic  function  which  is  well  be¬ 
haved  for  large  values  of  ?  and  has  a  correct  norm¬ 
alization. 

Let  us  begin  by  choosing  a  trial  function 

^*a>A  +  a«/»  • 


(2) 


W  1  V  R  O  S 


where 

r,  -  l.V,)  1  V-'-  .  =  +  ^  .  (3) 

and  define  d,  N, ,  and  ,V2  so  as  to  ensure 

f  ftf,r*dr=6u.  (4) 

*,o 

The  function  f  must  satisfy  the  SchrOdinger  equa¬ 
tion 


(H0  +  hH  =  tty , 


(5) 


where  A,  <  represent  the  impurity  potential  and 
energy,  respectively,  and  are  assumed  to  be  known 
from  our  earlier  calculations  of  «.8’9  We  may  write 


{Ho-t)ZA''t0„'i+hi°  =  O,  (6) 

and  substitute  for  1°  from  (2),  multiply  by  CjJ.j,  and 
integrate  to  obtain 


A*,*  +  53  a< 


(<V?  IA  I  ft) 
-  « 


=  0. 


{V 


Multiply  by  and  gives 


53  A*.^f 53  °< 

nTl  l  =  1 

x  ^  -  0  ;  (g) 

the  sums  can  be  readily  computed  following  the 
procedures  in  Refs.  8  and  9,  and  the  parameter  a 
can  be  determined  from  the  condition  Det  =  0.u 
Finally,  the  coefficients  a,,  a,  can  be  calculated 
and  un  of  Eq.  (2)  rewritten 


if>  =  X-l/1(l  +  yr)e-ar .  (9) 

To  test  the  reliability  of  the  wave  function  ijP  de¬ 
fined  in  (9)  we  can  invoke  a  consistency  condition 
based  on  Eq.  (6).  If  we  compute  a  coefficient 
from 

(10) 


then 


FIG.  1.  Sketch  of  x2(l-0.68x)2exp(-1.72x). 
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FIG.  2.  x?kU)x*u’  of  Eq.  *11'  for  thi*  ?r!at-functlon 
parameters  y -  —  0.(»**  <Hr»l;d  line  and  >f  0.M’, 

—  $.55  (interrupted  line). 


X  =  E/i®;*Bi;  (11) 

should  be  indistinguishable  from  ip. 

As  we  indicated  earlier  our  procedure  might  have 
the  best  chance  of  success  if  applied  to  what  is 
basically  an  s-like  state.  Calculations  of  the  im¬ 
purity  energies  concerning  a  substitutional  donor 
oxygen  in  GaP  and  GaAs  have  been  performed"  and 
deep  levels  obtained.  Therefore  the  above  pro¬ 
cedure  was  applied  to  compute  an  and  x  for  GaAsiO 
ground  state.  We  find  y  =  _o.G8  and  a  -  0.86,  in 
atomic  units  (the  energy  c  =0.78  eV  was  used  in  this 
calculation  ).  r2i/°(r)2  is  sketched  in  Fig.  1.  In 
Fig.  2  we  plot  We  also  show  the  values 

obtained  with  y'=-0.55  and  a  '  =  0.50  for  compari¬ 
son. 

In  Fig.  3  we  show  xx*  for  both  sets  of  y.u  to  re¬ 
veal  the  form  near  *Fj  ~0.  Since  the  details  of 
X(*!  are  relatively  insensitive  to  the  choice  of  the 
parameters  y,a,  we  might  ask  whether  the  form 
of  x  is  at  all  similar  to  the  form  of  :  introduced 
via  Eq.  (1)  (i.e.,  the  function  obtained  via  A„tf, 
without  the  help  of  a  trial  function  i fi).  When  the 
calculation  of  t  is  carried  out,  it  turns  out  that 
x 3  jif(x)  I2  lies  in  between  the  two  curves  shown  in 
Fig.  2  and  can  be  well  reproduced  from  (9)- (11) 
with  a  trial  function  (9)  if  y'  =  -0.56  and  t*'  =  0.69 
a.u. 

The  difference  between  a '(=0.69)  and  a(=0.86) 
may  indicate  the  degree  of  accuracy  of  determining 
the  localization  of  the  wave  function,  in  this  regard 
the  pessimism  of  our  introductory  remark  seems 
well  justified.  It  might  be  argued  that  a  higher-or¬ 
der  polynomial  in  (9)  could  improve  the  situation. 
Alternatively,  we  may  feel  that  it  is  sufficient  to 
determine  the  wave  packet  of  Eq.  (1)  at  a  grid  of 
points  in  space  and  fit  a  polynomial  function  which 
describes  these  points.  Naturally,  such  options 
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FIG.  3.  *(xl  X  “(*)  of  Eq-  (Ill  for  the  two  sets  of  pa- 
r.imefers  a,  v.  Notation  as  in  Fig.  2. 


cannot  be  ruled  out  since,  in  principle,  they  are 
perfectly  straightforward—  although  tedious  pre¬ 
scriptions  to  follow.  However,  even  for  a  state  of 
A  symmetry  which  is  being  considered  here,  the 
angular  porperties  of  the  wave  packet  in  the  region 
of  the  second  and  higher  nodes  pose  problems. 
Furthermore,  the  amplitudes  of  in  the  region 
of,  say,  rs  10  a.u.  are  typically  by  two  or  three 
orders  of  magnitude  smaller  then  U'(0)|J.  The 
technical  requirements  which  are  set  by  these 
circumstances  seem  unreasonable.  For  example, 
we  would  have  to  aim  at  less  than  1%  error  in  il  in 
order  that  the  small  amplitudes  at  larger  r  be 
meaningful  at  all! 

There  are  several  reasons  which  seem  to  dimin¬ 
ish  the  importance  of  the  discrepancy  brought 
about  by  the  large  difference  between  a  and 
The  parametrization  chosen  in  Eqs.  (2)  and  (3) 
links  the  parameter  a  which  appears  in  the  expon¬ 
ential,  to  the  parameter  p  and  consequently  to  the  ' 
position  of  the  node.  Although  this  form  is  com¬ 
putationally  convenient,  it  may  impose  a  con¬ 
straint  upon  oi.  It  can  be  seen  from  Figs.  1-3  that 
the  position  of  the  node  is  always  enforced,  no 
doubt  at  the  expense  of  an  increased  error  in  or. 

We  can  show  that  the  same  difference  between  a 
and  a '  is  found  for  the  two-electron  state  O  In 
GaP.  In  Ref.  8  we  presented  the  first-principles 
wave  function  [derived  via  Eq.  (1)J  for  the  ground 


state  of  this  center,  if  we  apply  the  procedure  of 
Eqs.  (2)— (9)  to  this  case  we  arrive  at  a? 0.83,  > 

=  -0.68.  A  glance  at  Fig.  1  of  Ref.  8  will  confirm 
that  the  same  relationship  between  the  primed  and 
unprimed  parameters  is  found. 

Since  our  early  efforts* ’  in  this  field  we  have 
repeatedly  observed  that  the  localization  of  the 
wave  function  did  not  change  as  expected  from  the 
change  in  the  position  of  the  level  in  the  gap.  The 
data  presented  in  Ref.  IS  are  also  an  eloquent  ex¬ 
ample.  The  simplest  way  to  demonstrate  this 
effect  is  to  scale  the  impurity  potential,  i.e.,  to 
multiply  it  by  a  suitable  constant  (the  impurity  en¬ 
ergy  of  an  s-like  state  changes  quite  substantially 
with  scaling**9)  and  subsequently  compute  a  new 
wave  function.  If,  for  instance,  we  bring  the  ener¬ 
gy  per  electron  in  the  above-mentioned  two-elec¬ 
tron  state  of  GaPrO  down  from  1.15  to  0.75  eV,  the 
parameters  a.y  become  0.79  and  -0.61,  respec¬ 
tively. 

In  the  above  paragraphs  we  have  emphasized  that 
both  the  conduction  and  valence  band  must  be  In¬ 
cluded  in  the  expansion  (1)  in  order  that  a  conver¬ 
gent  result  for  e  and  it  be  ensured.  The  conver¬ 
gence  properties  of  the  calculation  as  far  as  the 
impurity  energy  e  is  concerned  have  been  shown 
in  detail  It  might  be  of  interest  to  point  out  that 
an  analogical  comparison  is  possible  as  far  as  the 
wave  function  is  concerned.  We  can  recall  our 
earlier  calculation  in  which  the  wave  functions  for** 
GaAs'.O  and1’  GaP-.Owere  computed  with  an  expan¬ 
sion  in  Eq.  (1)  truncated  to  include  effectively  only 
the  lowest  two  conduction  bands.  In  those  calcula¬ 
tions  the  technique  of  solving  the  SchrMinger  equa¬ 
tion  was  somewhat  different  but  the  general  form 
of  both  expansion  (1)  and  the  pseudopotential  ex¬ 
actly  the  same.  The  firBt  node  of  the  wave  func¬ 
tion  0(x)  appeared  at  a  larger  value  (=$  outtlM  v7) 
of  .v  than  that  shown  in  Fig.  2.  Also  the  results 
from  the  truncated  expansion  appear  to  be  less 
localized.  However,  the  overall  character  of  the 
wave  function  is  not  much  changed  which  empha¬ 
sizes  the  prevailing  role  of  the  conduction  bands 
In  the  formation  of  these  states. 

This  important  observation  can  be  extended  to 
include  states  dominated  by  contributions  from  val¬ 
ence  bands.  Our  calculations  concerning  energies 
and  wave  functions  introduced  by  lattice  defects  in 
CaAs,9  and  also  in”  GaP  certainly  support  this 
view. 

It  Is  borne  in  mind  that  If  the  above  conclusions 
are  correct  then  we  can  hardly  expect  the  differ¬ 
ence  In  localization  of  the  Impurity  wave  function  to 
help  us  greatly  in  distinguishing  one  impurity  from 
another  when  we  come  to  relate  the  localization  to 
the  observed  spectra.  Also  there  seeme  to  be  no 
substantial  change  in  the  nodal  character  of  $  am  a 
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function  of  impurity  energy  provided  that  the  sym¬ 
metry  is  preserved.  It  is  worth  emphasizing  that 
so  far  we  have  concentrated  our  attention  on  delects 
or  deep  Impurities  possessing  the  high  symmetry 
of  a  substitutional  site  in  the  zinc-blende  lattice. 
Our  conclusions  cannot  be  of  course  automatically 
extended  to  interstitials  or  defects  of  very  low 
symmetry. 

In  the  past  the  localization  of  wave  functions  as¬ 
sociated  with  levels  lying  deeper  in  the  gap  than  the 
so  called  shallow  donors  or  acceptors  has  been 
estimated  from  the  quantum- defect  theory.1'  For 
example,  in  their  interesting  study  of  the  isotope 
shift  for  zero-phonon  optical  transition  at  traps  in 
semiconductors.19  Heine  and  Henry  evaluate  the 
probability  P  of  a  carrier  being  on  an  atom.  To 
compute  P  for  deep  donor  oxygen  in  GaP,  they  in¬ 
troduce  an  envelope  function 

fi(r)~rJ'*V,/“.  (12) 

where  o“(2»i*E,)‘l/a(a.u.).  The  parameter  vis  de¬ 
termined  by  relating  the  effective  mass  (hydrogen- 
lc1J)  value  E  „  for  a  donor  in  GaP  to  the  actual  value 
of  the  impurity  energy  E, 

S=E„/El.  (13) 

For  a  deep  donor  like  GaP:0,  (0.05/0.9)1/a  «  1 
and  the  envelope  function  in  (12)  becomes  very  sim¬ 
ilar  to  the  solution  of  the  SchrBdinger  equation  with 
a  6-function  impurity  potential.80''1  Our  calculations 
on  this  subject  show  quite  clearly  that  a  substantial 
area  in  the  wave- vector  space  is  involved  in  the 
formation  of  the  donor  ground  state  and  the  effect¬ 
ive-mass  parameter  is  not  applicable  in  the  cir¬ 
cumstances.  Therefore  the  localization  of  the  wave 
function  cannot  be  well  represented  with  the  func¬ 
tion  of  Eq.  (12).  However,  the  nodal  character 
of  the  wave  function  is  dominated  by  the  standing 
waves  of  the  lowest  parts  of  the  conduction  band 
as  conceived  in  the  quantum  defect  model.  Per¬ 
haps  as  a  simple  approximation  we  can  still  form¬ 
ally  write  the  impurity  wave  function  as  a  product 
of  a  periodic  part  determined  rather  well  by  the 
nodal  properties  of  the  dominating  band  states  and 
a  decaying  (localized)  function.  The  precise  nature 
of  the  latter  may  be  immaterial  because  it  probably 
does  not  change  strongly  enough  from  defect  to 
defect  to  be  helpful  in  our  analysis  of  most  spec¬ 
troscopic  data. 

in.  OPTICAL  CROSS  SECTIONS 

The  experimental  results  of  a  photoconductivity 
or  optical- absorption  study  can  normally  be  re¬ 
duced  to  a  normalized  cross  section  cr  per  photon, 
and  it  is  our  prime  interest  to  relate  this  observa¬ 
tion  to  a  particular  defect  or  impurity.  In  practice, 


we  really  want  to  distinguish  one  curve  from  an¬ 
other,  i.e.,  the  real  task  is  to  predict  the  tempera¬ 
ture  dependence  and  the  shape  of  the  function  or(M 
(where  hv  is  the  photon  energy  and  T  stands  for 
temperature)  in  relation  to  the  nature  of  the  impur¬ 
ity  concerned.  We  propose  to  characterize  a  deep 
level  by  a  set  of  parameters  E,,  Em,  drc,  and  £ET. 
E,  is  the  binding  energy  and  is  defined  as  the  true 
energy  of  the  state  taking  part  in  the  transition, 
with  respect  to  the  edge  of  a  specified  band  of  the 
host  crystal.  The  maximum  of  the  normalized 
cross  section  occurs  at  a  photon  energy  is 

the  magnitude  of  the  Franck-Condon  effect.  a£t 
is  the  shift  of  the  impurity  level  at  E,  in  the  gap, 
caused  by  a  change  in  temperature.  We  also  de¬ 
sire  to  determine  symmetry  properties  of  the  im¬ 
purity  wave  function. 

Let  us  first  choose  to  consider  the  optical  cross 
section  associated  with  an  tmpurity-to-band  transi¬ 
tion  assuming  that  the  electron-phonon  interaction 
is  weak  and  can  be  left  out.  Then  it  is  a  standard 
approximation  to  write 

a(M  =  £flr  ^  |<*!exp(-»ivr)?,  -Pi*,,;)!1 

x  <XE,  ♦  hi').  (14) 

k  is  the  wave  vector  of  the  radiation  field  and  X  is 
the  polarization  direction.  In  the  usual  dipole  ap¬ 
proximation  we  have  exp(-»k,  •  r )  -  1 .  The  momen¬ 
tum  matrix  element  in  (14)  really  indicates  an  av¬ 
erage  over  all  degenerate  initial  and  final  states. 
The  band  wave  functions  and  energies  indicated  by 
and  must  be  generated  at  a  large  number 
of  points  in  the  Br  Uouin  zone  and  the  expression 
in  (1)  evaluated  numerically  if  a  truly  quantitative 
answer  is  required.  Also  the  impurity  wave  func¬ 
tion  t  is  needed  as  an  imput  in  such  an  exercise. 

In  this  application  it  is  convenient  to  express  i  as 
In  (1),  i.e.,  via  the  coefficients  AH>\.  A  calculation 
along  these  lines  has  been  performed’  for  a  transi¬ 
tion  from  the  two-electron  state  of  oxygen  in  GaP 
to  the  conduction  band  at  low  temperatures.  How¬ 
ever,  a  proposition  that  such  calculations  be  per¬ 
formed  for  all  cases  of  interest,  is  unrealistic. 
Indeed,  as  soon  as  the  temperature  rises  and 
strong  electron- phonon  interaction  allowed  for,  the 
prospect  of  accomplishing  this  task  disappears 
from  our  horizon.  On  the  other  hand,  the  Impact 
of  any  simplification  we  make  must  be  carefully 
assessed.  The  detailed  calculation  showed  that  the 
sum  in  (14)—  when  performed  with  a  highly  local¬ 
ized  function  — is  not  a  sensitive  function  of  .the 
form  of  (f>.  The  powerful  averaging  process  im¬ 
plied  in  (14)  always  leads  to  a  smooth  curve  for 
cihv)  and  its  shape  reflects  mainly  the  nodal  mis¬ 
match  between  i’  and  as  well  as  the  variation 
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ui  the  density  of  states  of  the  continuum. 

In  Sec.  II  we  indicated  the  localization  of  the  im¬ 
purity  wave  function  associated  with  a  deep  state 
and  pointed  out  that  it  does  not  change  considerably 
with  impurity  energy.  This  will  help  to  simplify 
(14).  The  momentum  matrix  element  in  (14)  is, 
with  i!  from  (1), 

<v  lPx\  \  Px l+„.£> .  (15) 

We  can  rewrite  (5)  with  ip  from  (1),  multiply  from 
the  left  by  and  integrate  over  all  coordinates 
to  obtain  A ,,_j,  , 

(16) 

Since  we  generate  h,  £„f,  and  +.tj  within  a  pseu¬ 
dopotential  scheme,  the  crystal  wave  functions  are 
represented  by  linear  combinations  of  plane  waves, 
i.e.. 


*„.{  =  Z  />.,i(S,)exp[f(k  +  Cy)  ■?],  (17) 

i 

where  C  stands  for  a  reciprocal- lattice  vector. 

The  bands  n  and  the  reduced  wave  vectors  k  which 
contribute  to  the  transition  probability  at  a  par¬ 
ticular  photon  energy  hv  are  selected  by  the  <5  func¬ 
tion  and  the  optical  integral  which  appear  in  (14). 
Because  of  our  declared  intention  not  to  get  in¬ 
volved  in  the  lengthy  business  of  computing  the  sum 
in  (14)  by  a  sampling  procedure,  we  must  now 
enter  upon  the  dangerous  path  of  simplifications. 

Let  us  choose  to  represent  the  band  wave  functions 
by  those  of  an  isotropic  semiconductor  ,22’23  Ac¬ 
cordingly,  the  band  functions  take  a  form 

£;=(e,*'/V7)(C1e‘V±Cae-,*0 ,  (18) 

with  C,  =C,  *  1 ,  and  with  +  and  -  referring  to  the 
valence  and  conduction  bands,  respectively.  At 
the  band  edge,  the  band  functions  are  just  (1/  fZ) 
(Cle,*rr ±C2e*‘V').  i-  is  the  free-electron  Fermi 
energy  in  a.u. 

It  is  easy  to  show  that  the  Fourier  transform  in¬ 
dicated  by  the  matrix  element  in  (16)  is  constant 
over  the  range  of  energies  E„,tj, ,  over  which  the 
mismatch  between  the  nodal  character  of  and 
ip  remains  (on  average)  the  same.  In  Sec.  II  we 
concluded  that  ip  may  be  formally  written  as  a 
product  of  two  terms,  one  representing  the  nodal 
properties  of  ip  and  the  other  being  a  strongly 
localized  function.  We  may,  for  Instance,  write 

ip-[e'ar/r)F*.  (19) 

The  analogy  with  the  quantum-defect  effective- mass 
theory  is  merely  in  the  form  since  we  do  not  pro¬ 
pose  to  choose  a  according  to  Eq.  (12).  The  nodal 
part  is  chosen  as  a  standing  wave  associated  with 
the  relevant  band  edge.  We  will  return  to  comment 
upon  this  assumption  later. 


In  the  case  of  most  deep  states,  the  impurity 
potential  is  dominated  by  its  short-range  part.  The 
imjwrity  pseudopotential  generally  derives  its 
strength  from  the  area  near  the  optlmleed-model 
potential  radius  which  is  typically  of  the  order  of 
the  tetrahedral  covalent  radius  rc,  or  less.  There¬ 
fore,  we  are  not  likely  to  overestimate  the  local¬ 
ization  of  h  if  we  choose  h  ~re~r/Tc.  Then  the  lead¬ 
ing  term  in  the  expression  for  the  matrix  element 
in  (16)  is 

)  =  <*✓. J.  I* I 

x  f  Bin(kr)re'"  dr ,  (20) 

Jo 

where  «=a  +  l/rc.  Hence 

/(£„,,;.)-/*-  [«/<* 2  + 1/  2)2](C?  ±  Cj) .  (21) 

In  Sec.  II,  we  presented  some  results  concerning 
the  localization  of  the  impurity  wave  functions 
associated  with  deep  states.  We  found  that  u  -  0.5 
(a.u.).  The  typical  value  for  rc  iB  2  a.u.  so  that 
w-1  a.u.  Since  the  range  of  photon  energies  is  re¬ 
stricted  to  hw£E(ga.p)  (and  in  fact  the  ionization 
energy  Et  constitutes  a  substantial  portion  of  that 
energy),  the  values  of  fr2  entering  (21)  appear  to  be 
small  acompared  to  u,  i.e.,  1  is  for  any  practical 
purposes  a  constant.  It  is  now  easy  to  see  that  this 
result  does  not  really  depend  upon  the  choice  of  a 
particular  analytic  form  of  ti-,< l>„  f  since  for  a  some¬ 
what  different  choice  the  result  would  be  the  same. 
However,  we  do  need  the  simplified  form  of  p 
shown  in  (18)  since  it  will  enable  us  to  eliminate 
the  sampling  procedure.  Then  we  can  introduce 
the  band  density  of  states  p(£)  and  write  (14)  as 


hv 


E-E, 


Only  a  transition  to  a  band  with  nodal  properties 
"matching”  those  of  ip  is  allowed  and  since  hv-E 
+  \Et  j ,  we  arrive  at 

ol{hv)~'[{hv-  \Ei\)/hiA] p(h v -  |E,|).  (23) 

With  p~(hv~  j£(|)I/2,  the  normalized  cross  sec¬ 
tion  of  (23)  has  the  same  form  as  that  of  the  well- 
known  Lucovsky  formula.20  Had  we  assumed,  as 
did  Lucovsky,  that  the  potential  h  in  (20)  is  a  8 
function  we  would  have  arrived  at  /  3  const  and  con¬ 
sequently  Eq.  (23)  as  well.  Here  we  obtain  Eq.  (23) 
without  having  sacrif  ied  much  of  the  realistic  form 
of  h  and  ip.  Note  that  (23)  predicts  the  maximum  of 
o{hv)  to  occur  at  At'  =  2 1£,  | .  As  we  pointed  out 
earlier,  our  choice  to  represent  the  nodal  part  of 
ip,  Fi,  in  terms  of  the  band- edge  standing  waves, 
is  merely  a  convenient  vehicle  for  modeling  (at  a 
later  stage)  the  change  in  the  nodal  mismatch  of 
the  impurity  and  band  wave  functions.  It  means 
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Hnl  we  van  *Im>  ubaeivv  the  “JorOuUee*  transition 
■tin  o  in  muni  oiuns  of  practical  interest  C'f  -  C'J  *0. 
Hence  we  arrive  at  another  limiting  case,  analog¬ 
ical  to  the  Lucovsfcy  formula  for  our  "allowed” 
transition.  ».e..  tfln-)  - pitn> -  |E, \)/hv3  postulated 
by  Kopylov  and  Plkhtin.*1 
On  our  way  from  Eq.  (19)  to  (22),  we  kept  the 
mismatch  between  the  nodal  structure  of  ip  and  the 
band  wave  function  unchanged.  Even  In  the  moat 
favorable  of  circumstances  such  an  assumption  be¬ 
comes  invalid  when  we  excite  the  carrier  into 
states  lying  farther  from  the  band  edge.  This  is 
particularly  so  in  the  case  of  the  conduction  band 
in  direct-gap  materials  where  the  importance  of 
the  multivalley  character  of  the  band  structure  is 
manifest.  The  changes  concerning  the  density  of 
states  can  be,  at  least  at  low  temperatures,  well 
accounted  for  via  p.  The  change  in  the  nodal  mis¬ 
match,  alas,  presents  an  (insurmountable  difficulty 
since  its  precise  rate  can  only  be  established  by 
a  very  detailed  calculation.  To  demonstrate  the 
essence  of  the  problem  let  us  suppose  that  <i=c*“r 
x  Jr.  Then  at  each  sampling  point  n,,k, 
[chosen  in  order  to  evaluate  numerically  the  sum 
in  (14)]  the  leading  contribution  to  ;»/(E,(  j  )~  Af„(k, 
where  *  1 


In  evaluating  (20)  we  chose  4’^  ^  and  in  such 
a  way  that  M  happened  to  be  one  or  zero.  However, 
the  value  of  Af  will  fluctuate  as  we  proceed  to 
sample  states  farther  from  the  band  edge.  So  in 
general,  we  must  expect  a  detailed  calculation  to 
reduced  the  average  value  of  l  as  we  increase  En-X. 
In  the  language  of  our  simplified  formalism  for 
the  evaluation  of  /.  the  average  value  of  lk~C\  ±C\ 
where 

lsC?  +  C5s2  (25) 

and,  for  the  minus  sign, 

OsCj-CjIsi.  (26) 

This  can  be  taken  into  account  if  we  introduce  a 
function  q  *»j(£)  such  that  near  the  band  edge  rj  =  1 
but  rj— 0  as  (hv-  |£,  |)-  ».  The  cross  section  then 

becomes 


ai.hu)  -i 


hv  IE  +  IE, 


The  appearance  of  the  (negative)  second  term  on 
the  right-hand  side  represents  the  fact  that  the  wave 
function  ip  of  a  deep  impurity  can  now  couple  to 
both  the  conduction  and  valence  band.  Formula 
(27)  obviously  oversimplifies  this  relationship. 

For  example  the  results  presented  In  Ref.  8  show 


that  only  the  lowest  two  valeoce  bands  contribute 
significantly  to  the  totally  symmetric  ground  state 
of  GaP:0.  This  observation  is  easy  to  understand 
if  we  recall  that  the  top  of  the  valence  band  is 
basically  p-Uke,  whereas  the  lowest  parts  of  the 
conduction  band  are  predominantly  s- like.  Only 
the  s-llke  part  of  the  valence  band  contributes 
significantly.  Hence,  in  the  language  of  our  iso¬ 
tropic  semiconductor  model,  only  the  valence 
states  outside  the  optical  gap  contribute.  We  may 
then  change  the  denominator  of  the  second  term  to 
|£<t-a£»-i£»-£»  where  Et  is  the  average 
(Penn)u,“  gap.  It  is  borne  in  mind  that  the  degree 
of  cancellation  brought  about  by  the  appearance  of 
the  second  term  on  the  right-hand  side  of  (27)  de¬ 
pends  on  the  symmetry  of  the  impurity  center.  By 
analogy  with  the  states  of  oxygen  in  UaP  we  expect 
a  deep  state  which  is  being  dominated  by  the  val¬ 
ence  bands  to  have  small  coefficients  A„tf  associ¬ 
ated  with  the  bottom  of  the  conduction  band.  Only 
farther  from  the  edge  would  the  p  character  of  the 
band  states  give  rise  to  a  region  where  Amt  j  be 
numerically  significant. 

In  (27)  we  also  assumed  that  fe*/2w/*  *  E(=hv 
-  |E,|)  instead  of  trying  to  achieve  a  better  balance 
between  EUl  and  (E,),/s  by  employing  some  ad¬ 
ditional  corrective  parameter.  Since  this  is  only 
relevant  for  small  E  where  the  second  term  should 
not  apply  in  any  case,  such  an  addition  would  not 
be  much  ol  an  improvement.  However,  whatever 
the  precise  quantitative  form  of  rj(E )  and  other 
parameters  in  (27),  the  effect  upon  the  shape  of 
oihv)  can  only  be  that  the  maximum  of  <r(/r  v)  shifts 
towards  lower  photon  energies.  We  can  now  under¬ 
stand  why  the  “Lucovsky”  form  of  Eq.  (23)  so  well 
fits  photoionization  curves  associated  with  “med¬ 
ium"  deep  impurities  like  In  in  Si  [£,  *  3E,  (hydro- 
genic)]  but  not  those  of  “shallow”  and  "deep”  im¬ 
purities.  In  the  case  of  the  shallow  impurities  the 
impurity  potential  is  dominated  by  its  long-  range 
Coulomb  part  and  the  wave  function  is  very  extend¬ 
ed.  The  Fourier  transform  implied  by  the  matrix 
element  /  is  then  a  sensitive  function  of  k  and  its 
shape  depends  on  the  degree  of  localization  of  the 
impurity  wave  function.  As  a  result  the  maximum 
a  occurs  at  hv <2 1£,  ]  .**  For  deep  levels  dominated 
by  a  short-range  potential,  2  £,  is  a  large  num¬ 
ber,  and  before  hv  reaches  2  £,  the  excitations 
occur  from  the  deep  level  into  the  band  states  lying 
farther  from  the  band  edge.  The  change  in  the  nod¬ 
al  mismatch  leads  to  a  shift  of  the  maximum  to 
hv<l  j£,  | .  Although  there  can  hardly  be  much 
doubt  about  the  nature  of  this  trend,  its  quantitative 
appreciation  is  difficult  to  establish.  There  are 
obviously  many  ways  of  representing  q  which  will 
in  turn  affect  the  precise  form  of  o{hv). 

There  is  some  hope,  however,  that  the  actual 
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FIG.  4.  Configuration-coordinate  diagram  Involving  a 
deep  level  with  binding  energy  £,  and  the  conduction  and 
valence  bands  separated  by  a  band  gap  £, .  dn  Indicates 
the  magnitude  of  the  Franek-Condon  effect.  The  tran¬ 
sitions  from  the  level  to  the  condition  band  (o. )  and 
from  the  valence  band  to  the  level  (c#)  are  Indicated,  Et, 
is  the  optical- ionization  energy. 


form  of  n  c  )  may  not  be  of  great  significance. 
We  must  remember  that  the  sole  purpose  of  intro¬ 
ducing  this  parameter  is  to  take  account  of  the 
change  in  the  average  value  of  the  matrix  element 
/  with  £  due  to  the  change  in  the  nodal  mismatch  of 
4  and  the  band  wave  function.  Hence  rj(E)  must  be 
a  slowly  varying  function  of  £.  It  should  also 
change  very  little  with  temperature.  Indeed  rj  must 
change  with  £  slowly  enough  so  that  the  cross  sec¬ 
tions  of  medium  deep  levels  are  uneffected.  Now 
the  minimum  gap  is  always  small  compared  to  the 
average  (Penn)”’*3  optical  gap  E,  and  since  Et  is  a 
good  measure  of  the  strength  of  the  crystal  potent¬ 
ial,  the  rate  of  change  in  ij(£)  should  go  as  ~{Ej 
2)”'.  Thus  we  may  choose  for  tj  ??(£)  =  exp(-Z£/£#) 
which  interootates  smoothly  between  its  apparent 
values  at  £  =  0  and  £  =*>.  Should  this  prove  inad¬ 
equate  E,  can  be  used  as  a  free  parameter  to 
achieve  a  better  agreement  with  experiment. 

In  our  discussion  of  the  Impurity  wave  functions 
associated  with  deep  levels  in  semiconductors  we 
noted  that  these  functions  are  highly  localized.  It 
is  therefore  to  be  expected  that  when  such  a  state 
is  occupied  with  an  electron ,  some  additional  lat¬ 
tice  relaxation  may  take  place  which  significantly 
changes  the  position  Of  the  level  in  the  gap.  It  is 
customary  to  picture  such  an  effect  in  a  configura¬ 
tion  coordinate  diagram  shown  in  Fig.  4.  The  elec¬ 
tronic  transitions  from  and  into  the  impurity  level, 
indicated  in  this  figure,  reflect  the  magnitude  of 
this  effect  (which  is  connected  with  the  name  of 
Franck  and  Condon).  In  the  event  of  strong  coupl¬ 
ing  between  the  impurity  and  lattice,  the  transition 
probability  can  be  expressed  following  the  model  of 
Huang  and  Rhys.34  In  this  model,  the  equations  for 
the  electronic  and  phonon  functions  separate.  Only 


the  electron-phonon  interaction  which  is  linear  in 
the  lattice  coordinates  is  includsd.  The  cross  see- 
tion  a  becomes 

aT{hv)~  ^53  l<*|  , 

Kf  K 

(28) 

where  the  function  Jm> j  carries  the  information 
about  the  vibrational  states  and  for  the  model  In 
question  can  be  evaluated  exactly.11  At  high  temp¬ 
eratures  and  for  strong  electron-phonon  coupling, 
the  expression  tor  simplifies  to 


Here  8  u»  refers  to  the  phonon  energy  and  the  term 
S8w»drc  1b  shown  in  Fig.  4.  kt  is  the  Boltzmann 
constant.  £(0  is  the  optical- ionisation  energy  of  the 
impurity  at  T.  The  preexponential  term  obviously 
does  not  affect  the  shape  of  the  optical  cross  sec¬ 
tion  and  for  our  purposes  can  be  omitted.  We  may 
now  recall  the  simplifications  which  lead  us  from 
(14)  to  (22).  Including  the  expression  (29),  we  re¬ 
write  Eq.  (28)  as  follows: 

.  (IthKEiO1™  I* 


IEj0l-S-(Et*E,)/2 


IV.  NUMERICAL  RESULTS  AND  DISCUSSION 

A  glance  at  Eq.  (30)  may  assure  us  that  had  we 
decided  to  keep  the  true  band  structure  in  the  ex¬ 
pression  for  aT(hv)  [Eq.  (141  j  we  would  now  have  to 
face  an  unenviable  task  of  computing  the  optical 
sums  as  many  times  as  necessary  in  order  to  ac¬ 
complish  the  numerical  integration  implied  in  (30). 
In  the  light  of  this  observation,  we  may  feel  fully 
justified  in  having  introduced  the  simplification  out¬ 
lined  in  Sec.  IB.  Instead  of  relying  on  a  detailed 
computer  sum  evaluation,  our  simple  model  de¬ 
scribes  the  changes  in  the  matrix  element  /  due  to 
the  nodal  mismatch  (between  the  impurity  wave 
function  and  the  band  states  of  a  particular  energy) 
in  terms  of  the  parameter  jj«tj(£,,£).  In  this 
study  we  regard  this  as  the  sole  purpose  of  Intro¬ 
ducing  i).  Ep  may  be,  if  necessary,  treated  as  a 
free  parameter,  together  with  £f0  and  dK.  The 
computations  implied  by  (30)  art  minimal  and  the 
smallest  computer  allows  them  to  be  repeated  as 
often  as  required. '  Hence,  a  given  Wet  of  experi¬ 
mental  data,  l.e.,  the  normalized  cross-section 
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FIG.  5.  Normalised  cross  sections  v„,op  for  several  values  of  the  parameters  F.t,  dTC ,  Ep  and  temperature  T ,  from 
Eq.  (28).  The  nodal  properties  of  the  Impurity  wave  function  are  determined  by  FJ  lEqs.  (18)  and  (19)1.  The  relevant 
values  of  the  parameters  are  indicated  throughout  (see  also  Fig.  4).  In  (b)  the  binding  energy  E*  is  measured  from  the 
top  of  the  valence  band.  Note  that  rL  (c)  and  er^p  (b)  are  the  special  cases  discussed  in  the  text  following  Eq.  (23).  The 
parameter  Ep  is  introduced  and  discussed  in  Sec.  Ill,  between  Eqs.  (23)  and  (24).  Note  that  Ep~ 5.8  eV  is  the  average 
optical  gap  of  GaP.  In  (d)  it  is  assumed  that  £,  is  independent  of  temperature. 


curves  cr*  (jT(hv),  at  several  values  of  temperature 
T,  can  be  interpreted  in  terms  of  the  optical-ioni¬ 
zation  energy  E,r0  and  the  Franck-Condon  shift  dTC, 
fitted  to  reproduce  the  data.  By  selecting  Fo  or  Fo 
In  (18)  and  (19)  which  indicates  the  origin  of  the 
nodal  character  of  v  and  employing  (30)  we  may  arr  ive 
at  a  sensitive  tool  capable  of  distinguishing  cross 
sections  of  centers  possessing  different  symmetry 
properties.  In  Fig.  5,  we  summarize  some  general 
predictions  based  on  the  formula  (30).  We  can  see 
there  the  shape  of  the  cross  sections  and  op,  as¬ 
soc  tated  with  transitions  from  a  level  to  the  conduc¬ 
tion  band  and  from  the  valence  band  to  the  deep  level 
in  the  gap,  respectively.  The  notation  is  consistent 


with  that  in  Fig.  4  which  shows  the  transitions  in 
a  simple  diagram  including  the  Franck-Condon 
effect  parameter  drc.  The  effect  of  temperature 
upon  o  is  also  demonstrated  and  it  is  assumed  that 
the  level  does  not  have  any  temperature  dependence 
(i.e.,  the  binding  energy  E ,  does  not  change  with 
temperature).  Note  that  the  ambiguity  introduced 
by  our  somewhat  arbitrary  choice  of  the  parameter 
Ep  is  not  very  significant  unless  Ep  is  taken  to  be 
much  smaller  than  the  average  optical  gap. 

One  of  the  important  conditions  for  a  successful 
Interpretation  of  the  experimental  data  Is  that  the 
cross-section  measurements  are  taken  at  several 
temperatures.  It  is  also  essential  that  the  range 
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FIG.  6.  <7„,  and  cr>(  are  the  transitions  from  and  to 
the  oxygen  donor  (state  1)  ground  state  IE,  (4  K)  =  896 
meV  from  the  conduction  bandl  Indicated  schematically  In 
Fig.  4.  The  curves  refer  to  the  present  calculation  with 
dK  ^80  meV.  £,<120  Kl-0.87  and  £,(400  K)^0.82  eV. 

The  points  are  the  experimental  results  (Refs.  3  and  26) 
shown  for  comparison. 

of  photon  energies  covered  in  the  experiment  Is 
sufficient  to  reach  both  the  exponential  low-energy 
tall  and  the  point  where  <j{hv)  appears  to  have  a 
maximum.  Should  experimental  results  for  aT(hv) 
at  one  temperature  only  be  used  for  the  fit  to  the 
formula  (30),  the  result  is  bound  to  be  ambiguous 
since  in  the  presence  of  large  Franck- Condon 
effect  there  are  too  many  free  parameters.  With 
data  at  different  values  of  7  we  might  be  able  to 
diminish  the  uncertainty  introduced  via  rj. 

In  Sec.  m  we  proposed  that  transitions  from  the 
valence  band  to  the  impurity  level  be  treated  in  an 
analogical  fashion  to  those  from  the  level  to  the 
conduction  band  which  take  place  in  the  area  near 
the  X  point.  This  point  is  in  the  center  of  the 
Jones-zone  flat-surface  area.”  At  and  near  that 
point  our  attempt  to  imitate  the  "multiband’’  char¬ 
acter  of  the  observed  transition  by  a  simple  form¬ 
ula  in  (27)  or  (30)  might  be  well  Justified.  How¬ 
ever,  the  transitions  from  the  valence  band  (Fig. 

4)  occur  near  the  r  point  where  the  direct  (optical) 
gap  is  much  smaller  and  the  Bragg  reflections  at 
higher  reciprocal- lattice  vectors  affect  the  band 
wave  functions.  Our  formulas  of  (27)  and  (30),  if 


simply  inverted  and  used  to  interpret  the  above- 
mentioned  transitions,  must  of  necessity  give  a 
poorer  representation  of  the  experimental  data. 

It  is  outside  the  scope  ol  this  paper  to  comment 
upon  the  precautions  an  experimentalist  must  take 
in  order  to  generate  a  trustworthy  set  ol  data. 

Often  the  photoconductivity  data  are  not  supported 
by  any  control  data  (e.g.,  photo-Hall  mobility.) 
Then,  in  the  absence  of  any  other  arrangements,  it 
is  not  clear  whether  the  observed  signal  is  just  a 
“convolution”  representing  a  number  of  transitions 
or  whether  it  corresponds  to  only  one  type  of  tran¬ 
sition  from  one  deep  level  in  the  gap.  In  brief ,  of 
the  vast  literature  on  deep  levels  only  a  very  small 
fraction  is  amenable  to  theoretical  treatment.  It 
goes  without  saying  that  the  very  threshold  observ¬ 
ed  in  an  experiment  is  in  many  cases  difficult  to 
establish  from  data  taken  at  one  temperature  only. 
This  is  particularly  apparent  in  the  case  of  deep 
levels  exhibiting  strong  coupling  to  the  lattice. 

Oxygen  in  GaP  is  perhaps  the  only  “deep”  impur¬ 
ity  as  far  as  1II-V  semi-conductors  are  concerned 
which  has  been  studied  extensively  enough  so  that 
the  data  required  seems  available.  We  will,  there¬ 
fore,  concentrate  our  attention  on  GaP:0.  We  will 
also  discuss  the  applicability  of  (30)  to  deep  levels 
in  GaAs.  Finally,  we  will  discuss  some  important 
dopants  in  silicon,  e.g.,  gold. 

A.  GaPiO- State  I  (one-electron  donor  state) 

The  transitions  from  the  donor  ground  state  to 

the  conduction  band  {o  )  and  also  the  transitions 
"1 

from  the  valence  band  to  the  state  in  the  gap  (cM) 
have  been  measured  as  a  function  of  photon  energy 
and  temperature. 25-28  The  experimental  points 
are  shown,  for  7  =  120  K  and  7  =  400  K,  in  Figs. 

6  and  7.  The  band  gap  of  GaP  changes  from  ~2.32 
to  -2.22  eV  in  this  range  of  temperatures.” 


hv(sV) 


FIG.  7.  Plot  of  the  experimental  result*  for  o.^OaPtOt 
at  120.  190,  end  400  K  (Refe.  3  end  26). 
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11m  tamper * lure  0  widening  oi  i>  ta  relatively 
•mail.  Taking  ,/lv  -  iVOd  eV  and  recalling  that  the 
low-lemperururc  binding  energy  of  GaPiO  is  0.896 
•V  (Ref.  30)  we  arrive  at  curves  shown  in  Fig.  6 
Which  Mem  in  reasonable  agreement  with  the  ex¬ 
perimental  values.  Note  that  consistent  results  are 
obtained  for  both  ani  and  oh.  It  transpires  that  with 
drc  *  80  meV  between  120  and  400  K  the  oxygen  bind¬ 
ing  energy  with  respect  to  the  conduction  band  de¬ 
creases  by  SO  roeV.  The  assessment  of  the  temper¬ 
ature  dependence  is  confirmed  by  the  shift  of 
o( max)  as  well.  The  numerical  estimate  of  both  fig¬ 
ures  (80  and  50  meV)  is,  of  course,  subject  to  a 
large  error  and  these  numbers  are  probably  cor¬ 
rect  only  to  within  ±10  meV.  The  result  is  in 
principal  agreement  with  the  assessment  of  Braun 
and  Grimmeiss.28 

The  difference  between  the  observed  and  calcula¬ 
ted  cross  sections  ov  is  not  difficult  to  accept  be¬ 
cause  of  the  approximate  nature  of  (30).  Also  for 
small  dTC  (and/or  low  temperatures),  formula  (30) 
cannot  be  expected  to  reproduce  faithfully  the  de¬ 
tails  of  o.  The  difference  between  the  calculated 
and  observed  onj  is  more  important.  To  illustrate 
the  effect  with  greater  precision  we  reproduce  the 
data  separately  in  Fig.  7.  The  dip  in  cr^hv)  start¬ 
ing  at  hv~  1.15  eV  persists  up  to  high  temperatures 
without  any  significant  change.  Therefore,  it  is 
not  entirely  clear  whether  it  can  be  attributed  to  a 
change  in  the  band  density  of  states  only.  It  may  be 
that  some  other  transition  is  responsible  for  this 
Odd  effect.  The  point  is  certainly  worth  investi¬ 
gating  since  our  understanding  of  the  levels  intro¬ 
duced  by  O  in  GaP  is  more  advanced  than  in  other 
cases,  where  it  may  serve  as  a  useful  (and  rare) 
guide. 


FIG.  8.  Summary  of  computer  calculations  concerning 
the  two-electron  state  (state  two)  of  GaP:0  (Ref.  8). 

Is  the  ground  state  of  the  state  one.  The  second  electron 
is  captured  at  £,  and  the  following  lattice  relaxation 
brings  the  energy  per  electron  down  from  Ej  to  E j .  The 
transition  of  an  electron  to  the  conduction  band  (o„ is 
also  shown. 


FIG.  9.  The  computed  and  experimental  (Ref.  :i)  re¬ 
sults  for  the  electron  transitions  from  the  two-i-lectron 
state  of  GaP  O  (onJ)  to  the  conduction  band,  and  from  the  va¬ 
lence  band  to  the  level  (o^,).  The  curves  correspond  to 
a  Franck- Condon  shift  of  0.G5  eV.  Hie  first- principles 
calculation  (Ref.  8)  gave  0.4  eV  (see  Fig.  *). 

B.  GaP  O  Stale  2  (two-electron  Male  I 

The  oxygen  potential  is  strong  enough  to  bind  two 
electrons.8'14*31  The  photocapacitance  measure¬ 
ments3'4  were  used  to  extract  the  optical  cross  sec¬ 
tions  onj(/iP)  and  v)  involving  an  electron  tran¬ 
sition  from  the  two  electron  state  to  the  conduction 
band  and  from  the  valence  band  to  the  level  in  the 
gap,  respectively.  The  temperature  dependence  of 
a  points  to  a  strong  coupling  to  the  lattice.  A  cal¬ 
culation  was  performed8  to  estimate  the  magnitude 
of  the  change  in  the  electron  energy  due  to  lattice 
relaxation  which  follows  the  capture  of  the  second 
electron  and  electron  charge  polarization.  That 
result  is  pictured  in  Fig.  8,  in  terms  of  a  simple 
configuration  coordinate  diagram.  The  shape  of 

a.  was  also  calculated.  However,  the  threshold 
”2 

energy  at  which  this  transition  should  be  observed 
is  not  easy  to  deduce  from  such  a  calculation,  al¬ 
though  we  know  the  energy  per  electron  in  both,  the 
one  and  two  electron  states  (and  before  and  after 
the  lattice  relaxation  takes  place),  measured  with 
respect  to  the  binding  energy  of  the  single  donor 
(i.e.,  -.9  eV).  In  order  to  excite  one  electron  from 
the  two-electron  state  to  the  conduction  band,  the 
energy  required  to  reaccommodate  the  other  elec¬ 
trons  in  the  system  must  be  accounted  for.  Hope¬ 
fully  this  term  is  small  so  that  El0  is  approximately 
given  by  the  line  shown  in  Fig.  8.  In  the  present 
study  we  can  treat  E  l0  as  a  function  of  tempera¬ 
ture.  A  comparison  of  the  present  calculation 
with  experiment  is  shown  in  Fig.  9.  It  would  ap¬ 
pear  that  the  parameter  dTC  should  be  less  than 
0.55  eV.  The  above-mentioned  computer  calcula¬ 
tion  gave  0.4  eV.  The  results  of  our  calculations 
as  T  =  0  and  r  =  400  K,  presented  in  Fig.  9,  are 
compared  with  the  experimental  data  of  Kuklmoto 
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nf  oi.‘  1'he  computed  curves  for  T  a  0  nicely  Il¬ 
lustrate  the  dramatic  changes  brought  about  by  an 
increase  in  temperature.  An  overall  agreement  In 
Fig.  9  is  good  but  the  shape  of  o ^  near  Us  maxi¬ 
mum  is  difficult  to  understand.  However,  it  must 
be  remembered  that  these  cross  sections  cannot 
be  easily  extracted  from  the  experimental  data  and 
the  relevant  rate  equations.3'11  in  a  difficult  multi¬ 
level  problem  some  error  is  inevitable.  Also,  our 
formalism  is  based  on  a  linear- coupling  model 
which  employs  only  one  phonon  mode.  Nonlinear 
effects  may  bring  about  some  additional  changes  in 
the  shape  of  cr^  and  cr^,  and  may  affect  them  dif¬ 
ferently.  It  would  then  seem  as  if  the  two  transi¬ 
tions  were  effectively  associated  with  a  different 
dTC,  an  impression  one  might  get  from  the  com¬ 
parison  in  Fig.  9.  It  is  indeed  impossible  to  fit  the 
high- temperature  curves  well  with  dTC  being  the 
same  for  both,  an  and 

C.  GaAs 

A  single  donor  substituting  for  arsenic  is  expect- 
ed  near  the  middle  of  the  gap.8  Experimental  data, 
although  in  one  way  or  another  referring  to  oxygen, 
has  so  far  produced  no  clear  confirmation  of  the 
prediction.  Perhaps  because  of  this  uncertainty, 
and  also  because  of  a  large  number  of  deep  levels 
present  in  this  material,  it  is  to  the  best  of  our 
knowledge  impossible  at  this  stage  to  gather  a  set 
of  data  equivalent  to  those  for  GaPiO.  The  con¬ 
fusing  state  of  affairs  is  well  documented  in  recent 
papers  by  Lang  and  Logan33  or  Lin  et  al .”  A  sim¬ 
ilar  situation  is  characteristic  of  another  import¬ 
ant  dopant  Cr.M  We  will,  therefore,  make  only 
general  comments  on  the  differences  we  should  ex¬ 
pect  when  comparing  GaP  and  GaAs.  As  we  pointed 
out  earlier  .6'35  some  effect  upon  the  shape  of  the 
cross  section  o„  might  be  expected  due  to  the  low 
density  of  states  area  near  r.  We  have  also  in¬ 
dicated  that  the  nearly-free-electron-like  model 
we  introduced  to  allow  for  a  better  fit  of  a  may  be 


a  poor  approximation  at  T  where  the  concept  of  an 
isotropic  semiconductor  breaks  down.  As  a  re¬ 
sult  somewhat  sharper  spectra  might  be  expected 
compared  to  GaP.  However,  as  in  GaP,  the  data 
available  at  present  does  indicate  a  number  of  deep 
levels  in  GaAs  strongly  coupled  to  the  lattice. 

D.  Si 

The  optical  cross  sections  of  several  important 
deep  dopants  in  Si  have  been  measured.  The  data 
on  deep  levels  Introduced  for  instance,  by  Zn,38 
S,5T  Au,”  and  Co  (Ref.  39)  is  customarily  interpre¬ 
ted"  as  indicating  that  none  of  these  impurities 
exhibits  strong  coupling  to  the  lattice.  This  is 
most  remarkable  since  it  might  support  the  old 
belief  that  all  these  may  be  simple  substitutional 
donors  or  acceptors.  The  proposal  that  gold  and 
cobalt  impurities  are  somewhat  related  to  a  com¬ 
plex  with  vacancy1"  would  lead  us  to  anticipate  a 
great  deal  of  lattice  relaxation  and  the  temperature 
dependence  of  the  optical  cross  sections  should 
show  broadening. 

Unfortunately,  a  careful  Inspection  of  published 
material  on  levels  in  Si  indicates  that  there  are 
substantial  differences  between  results  available 
in  the  literature  (gold  donor  being  a  good  example). 
The  complications  brought  about  by  the  presence 
of  several  optically  active  levels  in  the  material 
under  investigation,  and  in  most  cases  a  restricted 
range  of  temperature  considered  increase  the  de¬ 
gree  of  uncertainty.  Also  the  band  gap  of  Si  is 
smaller  then  that  of  GaP  or  GaAs  and  the  absolute 
changes  in  the  impurity  energy  are  expected  to 
shrink  accordingly.  We  believe,  therefore,  that 
under  these  circumstances  the  question  concerning 
the  lattice  relaxation  effects  in  Si  remains  open. 
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It  is  argued  that  the  recent  quantitative  results  concerning  localized  de¬ 
fects  in  semiconductors  (e.g.  GaAs)  arc  consistent  with  the  possibility  of 
large  Auger-type  cross  sections  associated  with  recombination  at  these 
centers. 

It  is  proposed  that  many  of  the  capture  cross  sections  reported  to  be 
in  the  range  10”13~10'16  cm3,  which  exhibit  only  weak  temperature  de¬ 
pendence,  and  which  do  not  depend  on  carrier  concentration,  might  be 
explained  by  this  mechanism. 


I 

RECENTLY,  we  have  reported  pseudopotential  calcu¬ 
lations  of  the  energies  and  wave  functions  associated 
with  deeply  bound  carriers  in  GaAs  and  GaP  [1 , 2] .  We 
1  save  shown  that,  for  instance,  a  gallium  vacancy  (Vg»), 
'  <:  a  complex  involving  an  impurity  and  UGt,  may  deep- 
j  a  bind  one  or  two  particles  in  the  forbidden  gap.  We 
‘  have  also  shown  that  owing  to  the  close  spatial  locali¬ 
zation  of  the  bound  particles,  their  interaction  energy 
i>3  significant  fraction  of  the  band  gap  energy  (e.g. 

1  0.1  -0.2  eV  per  electron  in  GaAs).  These  quantitative 
;  results  may  enable  us  to  make  a  fresh  assessment  of  the 
|  -ole  of  deep  centers  in  recombination.  In  particular,  we 
|  *:!i  show  here  that  these  results  are  consistent  with  the 
j  ^rssibility  of  large  Auger-type  capture  cross  sections 
;  i~  I0'M  cm3) at  many  a  deep  center. 

The  process  under  consideration  is  one  in  which  the 
.  jpture  of  a  free  hole  by  a  center  binding  deeply  two 
t  electrons  is  accompanied  by  ejection  of  the  remaining 
•;  idealized  electron  into  the  conduction  band.  This  cap- 
]  tore  cross  section  has  only  weak  temperature  depend- 
:  z'tce  and  is  not  a  function  of  carrier  concentration.  It 
ji'ems  plausible  to  propose  that  capture  cross  sections 
j  , f  the  order  of  10'13-10‘16  cm3,  which  do  not  depend 
i  strongly  on  temperature,  and  which  arc  related  to  deep 
1  levels  in  the  midgap  region,  could  be  explained  by  this 
i  mechanism.  Reports  of  such  capture  cross  sections  have 
.  irequently  appeared  in  recent  literature  on  deep  levels 
n semiconductors  (3  -  8} . 

i  Deep  centers  in  GaP  and  GaAs  arc  not  expected  to 
exhibit  such  large  Auger  cross  sections.  Nonetheless, 

I  jess  (9|  was  able  to  develop  a  simple  theory  which 

i 
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predicted  large  Auger  effects  for  highly  localized  cent¬ 
ers.  In  spite  of  the  physical  insight  provided  by  Bess’ 
work,  his  result  has  been  overlooked  in  recent  literature 
[10-15]  and  the  commonly  held  view  is  that  Auger 
cross  sections  are  generally  of  the  order  of  10“‘®  cm3 
or  less  [3] .  The  present  study  shows  that  the  predict¬ 
ions  of  Bess  are  consistent  with  the  results  of  our  recent 
calculations  and  that  Auger-type  transitions  at  deep  de¬ 
fects  in  semiconductors  might  occur  with  cross  sections 
in  the  range  10r,3-l0'"s  cm3. 

Nonradiative  capture  via  shallow  centers  (i.e.  those 
characterized  by  a  long-range  Coulomb  potential)  has 
been  understood  thanks  to  the  cascade  mechanism  pro¬ 
posed  by  Lax  [11).  The  presence  of  closely  spaced 
highly  extended  states  enables  an  electron  to  lose  energy 
by  dropping  through  the  levels  and  emitting  one  phonon 
during  each  such  transition.  The  cascade  capture  cross 
section  increases  rapidly  with  decreasing  temperature. 
The  occurrence  of  this  mechanism  can  therefore  be  well 
identified.  During  a  nonradiative  capture  at  a  deep  cen¬ 
ter,  a  large  energy  must  be  dissipated  in  one  step.  Such 
a  transition  may  occur  via  a  multiphonon  emission.  In¬ 
deed,  in  a  recent  paper,  Henry  and  Lang  [3]  presented 
in  great  detail  both  theoretical  and  experimental  evid¬ 
ence,  convincingly  supporting  the  idea  that  such  multi¬ 
phonon  processes  are  commonly  occurring  in  GaP  and 
GaAs.  The  multiphonon  process  is  thermally  activated 
so  that  o  ~  om  e~F’B'kT,  i.e.  the  cross  section  increases 
with  increasing  temperature,  with  a  characteristic  bar¬ 
rier  energy  EB.  The  threshold  of  the  exponential  tem¬ 
perature  dependence  is  usually  observed  at  or  above 
250  K.  The  essential  ingredient  of  the  theory  of  multi¬ 
phonon  capture  is  the  assumption  that  the  deep  center 
is  strongly  coupled  to  the  lattice.  Then  for  sufficiently 
large  lattice  vibrations  the  deep  level  can  ctoas  into  the 
relevant  band  and  capture  a  carrier.  This  situation  is 
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Fiji.  1.  A  standard  configuration  -  coordinate  diagram 
showing  a  deep  level  of  an  equilibrium  energy  f.)  in  the 
band  gap  (Ec  )■  as  a  function  of  the  lattice  coordinate  Q. 

conveniently  illustrated  in  a  one-dimentional  configura¬ 
tion-coordinate  diagram  (Fig.  1).  The  existence  of  the 
large  bttice  relaxation  implied  in  the  diagram  can  he 
verified  independently  since  the  diagram  also  predicts  a 
large  Stokes  shift  in  the  optical  spectia. 

Henry  and  Lang  do  point  out  that  not  all  observed 
capture  cross  sections  associated  with  deep  levels  in  GaP 
and  GaAs  exhibit  the  multiphonon  capture.  There  are 
numerous  report  [3—5.  7f  of  commonly  occurring  deep 
traps  in  GaAs  and  GaP  with  capture  cross  sections  in  the 
range  of  I0"13  10"ls  cm2  which  do  not  show  apprecia¬ 
ble  temperature  dependence.  For  example.  Lang  and 
Logan  14]  show  four  such  hole  capture  cioss  sections 
associated  with  two  unidentified  (but  commonly  pre¬ 
sent)  levels,  ar.J  Cu  and  Fe  related  deep  levels  in  p-type 
GaAs.  The  optica!  spectra  of  Fe  and  Cu  related  levels  in 
Ilf  V  semiconductors  do  not  indicate  exceptionally 
large  Stokes  shifts.  Similar  observations  have  been  re¬ 
ported  for  deep  centers  in  Si  and  Ge  [6,  8j . 

There  arc  only  two  other  mechanisms  that  might 
be  plausible  in  explaining  a  large  energy  dissipation 
which  takes  place  in  the  capture  into  a  deep  level,  name¬ 
ly  the  radiative  and  Auger  ones.  However,  the  radiative 
capture  cross  section  at  deep  levels  is  never  larger  j  1 6| 
than  «  10"”  cm2  and  thus  does  not  appear  to  he  rele¬ 
vant.  The  Auger  effect  in  GaP  and  GaAs  has  been  stud¬ 
ied  extensively  during  the  last  decade  and  identified  - 
for  example  -  as  an  important  quenching  mechanism 
in  GaPfZn,  O)  [12] .  Those  Auger  processes  which  in¬ 
volve  a  collision  of  two  free  particles,  have  cross  sect¬ 
ions  characterized  by  their  particular  dependence  on 
the  carrier  concentration  and  as  such  can  he  easily  ident¬ 
ified  [  10] .  These  processes  have  been  shown  experimen¬ 
tally  to  be  no  larger  than  10"”  cm2  and  will  not  be 
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Fig.  2.  The  transitions  are  indicated  of  a  non-radiative 
Auger-type  recombination  at  a  deep  center  binding  '. sv. i 
electrons  in  the  forbidden  gap  of  the  host  crystal. 

considered  here. 

Nevertheless,  we  can  think  of  a  number  of  Auger 
processes  which  should  not  have  cross  sections  depend¬ 
ing  on  carrier  concentration.  As  an  example,  we  can 
consider  the  familiar  model  of  a  lie-type  defect,  c.g.  a 
center  binding  deeply  two  electrons.  T  he  recombination 
process  (Fig.  2)  will  then  consist  of  a  free  hole  moving 
with  thermal  velocity  and  approaching  the  two-elcct ion 
defect.  It  is  then  possible  for  one  of  the  electrons  am! 
the  free  hole  to  annihilate  each  other,  the  excess  energy 
being  carried  away  by  the  other  electron  which  will  In- 
ejected  into  the  conduction  band.  This  energetic  elect¬ 
ron  will  subsequently  lose  us  kinetic  energy  through 
various  collisions  with  phonons.  The  transition  probab¬ 
ility  for  this  process  is 

2n  i  2  j 

w=— I  <b,b\ - - - c.  h  >  |2  p.,  (I) 

h  Ixlri  —  ra !  I 

where  b.c  and  h  represent  the  wave  functions  of  the 
bound  electrons,  the  energetic  electron  and  the  free 
hole,  resp.  pe  is  the  density  of  states  in  the  conduction 
band,  associated  with  the  final  electron  state.  The  cap¬ 
ture  cross  section  a  is  related  to  w  by 

o=(?)w  <:> 

where  v  is  the  thermal  velocity  of  the  hole  and  SI  is  the 
volume  of  the  crystal.  The  discussion  of  this  problem  is  J 
usually  presented  without  any  reference  to  capture  erns  I 
sections  [10] .  Instead,  the  ratio  of  the  Auger-to-radia-  ! 
five  transition  probabilities  is  evaluated  andtompared 
with  measured  lifetimes.  We  feel,  however,  that  with 
the  advent  of  the  deep  level  transient  spectroscopy 
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j  jl3|  and  related  techniques  which  yield  directly  the  cap¬ 
ture  crow  sections  and  their  temperature  dependence, 
ihe  above  formulation  might  he  a  useful  one. 

The  integral  in  ( 1 )  is  normally  evaluated  with  the 
.  rffective  mass  (hydrogenic)  wave  functions  and  plane 
waves  representing  ft's  and  e,h,  respectively  [14].  How- 
■ver, our  recent  computer  calculations  [1 ,  2|  concern¬ 
ing  the  wave  functions  associated  wi’h  deep  centers  in 
GaP  and  GaAs,  have  shown  that  the  wave  functions  of 

•  deep  centers  are  much  more  localized.  Also  their  locali- 

,  taiion  is  not  simply  related  to  the  apparent  one  electron 
{round  state  energy  as  anticipated  in  the  effective  mass 
iheory .  It  is  because  both  the  conduction  an  !  valence 
lands  play  a  significant  part  ,n  the  loriratio:'  of  the  im- 
purity  energy  and  wave  function.  Since  their  contrib  j 
;  sons  have  in  genera!  opposite  signs,  the  energy  of  the 
level  with  respect  to  the  band  edges  represents  <.>niv  2 
■faction  of  the  actual  interactions  involved,  in  brier,  the 
realization  of  the  wave  functions  c>!  a  given  symmc,ry 
nay  vary  very  little  from  defect  <o  defect  ab'ough  the 
pisition  of  the  level  in  the  gay  may  not.  TV  cr, eolations 
vihow  that  in  general  the  wave  functions  arc  well  local- 
:  :ted  within  the  nearest  neighbor  distance  from  the  <ic- 
'  vet  (*  5  at.  units).  However,  the  node!  and  imgulr.r 
structure  of  the  wave  function  strongly  reflect',  the  sym¬ 
metry  of  the  defect  and  therefore  might  change  quite 
substantially  from  center  to  cen'er.  Also,  '.lie  wave  func¬ 
tions  of  deep  centers  are  strongly  hybridized  with  the 
•lienee  band  states.  Bo'h  these  aspects  make  a  quantiia- 
I  nve  estimation  of  the  electron-electron  interaction  very 

•  'ifficult.  However,  a  detailed  calculation  o!  the  effect 

;  ,f electron  -electron  interaction  was  carried  out  for  sev- 
-ra!  centers.  It  revealed  that  this  interaction  (Hartrec) 
:"ergy  should  be  about  0.1  -  0.2  eV  p»r  electron  in  GzAs 
jtd  GaP.  This  result  gives  us  an  opportunity  to  make  a 
■  talistic  assessment  of  the  magnitude  of  the  integral  w 
;  .'1.  If  we  choose,  for  example,  to  represent  tb-  vea  - 
■1  red  wave  function  (b)  by  a  hydrogcr.ic  tunc t' on  q-. 
.-.effective  radius  a  —  ?  j.u.,  we  can  then  acjnsf  the 
greening  constant  y  so  as  to  ensure  th-i  '  he  electron - 
.irefron  (Hartree)  *errn  computed  with  these  -‘unctions 
alls  in  the  realistic  range  of  energies  The  potential  v  , 

;  ,een  by  the  second  electron  due  to  the  first  is 

V,  -  —  fr'5!/?,(r)!5dr'  +  [  r  'R,  <r  ',5cr'.  (3) 

f  J  t 

o  r 

• 

ijnow  determined  so  that  the  interaction  enr-qy  is 

j  -  <  2!  V,  I  2  >  =  C.2  cV.  (4) 

i  h;h  a  ~  j  a.u.,  x  becomes  <7.  As  we  mentioned  earlier, 
hr  valence  electrons  strongly  internet  w  to  tse  <  feet. 

.  iMsequer.dy,  the  valence  band  wave  /v.nct.:<r*r.  rep-t- 
!  ’.-rung  the  free  hole  function  h  must  be  altered.  Physi¬ 


cally,  this  means  that  tiie  bole  wave  function  will  he 
sonewh-t  changed  in  the  relevant  volume  region  (  '  aJ) 
around  the  center  and  the  matrix  element  in  ( 1 )  altered. 
(This  correction  may  not  be  so  Important  for  the  energe¬ 
tic  electron.)  The  relevance  of  these  effects  was  antici¬ 
pated  by  Bess.  In  his  elegant  study  [91 ,  he  derived  a 
formula  for  the  matrix  clement  in  (!)  for  the  He-type 
defect,  with  the  hole  wave  function  containing  a  pre¬ 
factor 

exp  (—2  (it)  1/5  {!.  —  erf  lO/cri ;  7] }'  (5) 

to  account  for  the  localization  of  the  hole  In  the  vicinity 
of  the  defect.  Using  bis  result,  with  equations  ( i )  and 
(2),  we  bav? 

o  -  4ir(a2/a0)J  (p m*/K'phm*) 

x  ’.F"{pa/2}  !!  +  9  Ft  pm))  -  ( 16/81  )F1(pn/2) 
x  ::-:-(75;4)/-<.rw7)j}*  it.) 

where  »o  =  0.379  x  10  '  or>.p.ph  and  are  the 

moments  and  effective  messes  of  the  tree  election  and 
hole,  resp.,  and  F{. r)  =  [5  -►  (ur/hc)5]'1 .  The  largest 
cross  section  is  expected  for  a  level  at  the  center  of  the 
forbidden  gap.  Then  p/ph  «  1  and  (ap/hr)1  <  I .  Taking 
r,^(300  K)/?tc  *  0.77  x  'O’  cm"’ , «  «  2.65  x  1 0"s , 

•x  =  i  7,  and.  setting  wj/m*  ~  I  for  simplicity,  we  obtain 
o  w  4  x  it?"*4  cm5,  ’’he  temperature  dependence  of  the 
cross  section  a  is  even  by  that  of  the  bole  thermal  velo¬ 
city  v  and  the  density  of  states  p,. 

The  -ccnssary  condition  for  the  above  recombina¬ 
tion  process  to  tax?  oltce  is  the  fulfillment  of  the  energy 
conservation  roirtion,  hr.  the  energy  released  in  the 
.•lectron --hole  annihilation  must  be  sufficient  to  lift  the 
;et:i?.ining  electron  info  the  conduction  band.  It  might 
seen)  ’hat  only  z  few  centers  could  satisfy  the  above 
condition.  However,  we  must  remember  that  practically 
arv  deep  center  exhibits  some  coupling  to  the  lattice, 
’ruecr',  :r.  many  cases  this  coupling  is  so  strong  as  to 
•Glow  a*  high  temperatures  for  capture  via  crossing  of 
the  deep  level  into  the  relevant  band.  Let  us  turn  to  the 
situation  pictured  in  Fig.  1 .  Clearly,  in  this  case  the  equi¬ 
librium  energy  £t  of  the  ieve:  at  g  =  2c  is  such  that 
the  Auger  trar.s  tion  cannot  take  place.  However,  with 
'be  ht'p  of  the  electron  -phoren  interaction,  the  level 
can  cross  the  critical  energy  value  (E0! 2)  so  that  the 
Auger  transition  can  occur  at  Q  —  0.  To  accomplish  the 
process,  only  modest  lattice  vibrations  may  be  needed 
since,  for  example,  most  deep  levels  in  GaAs  have  their 
equilibrium  positions  only  about  ~  0. 1  -0.2.  eV  from 
he  midgap  position.  Themforc,  even  the  phonon-assist¬ 
ed  Auger  transition?  ~vu.  show  very  ijtt’e  temperature 
•leper. den ce.  Hence  Fig.  1  -right  correspond  to  3  case 
v, her-  nr.-’tirihor.c.n  »»combir.ation  is.  auer.cbeG  at 
;ow  t-e rati’ res  by  the  -•’eakjy  temperature  dependent, 
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powerful  Auger  process.  At  Sigh  temperatures,  the  mu!;- 
phonon  mechanism  may  take  over,  showing  the  charact¬ 
eristic  exponential  rise  of  e.  As  we  ln«c  already  noted, 
the  model  chosen  for  the  estimate  of  the  coder  of  magni¬ 
tude  of  the  Auger-type  captu-e  cross  sect. or  was  ai.  >ver 
simplified  one.  In  particular,  for  a  phonon-assisie.i  trans¬ 
ition  the  symmetry  of  ■  e  problem  m iv  he  such  as  ;<■ 
reduce  the  cross  section.  We  might,  therefore,  expect  the 
observed  values  c  rr  to  tail  in  most  eases  m  th.  region  of 
10'“*-  10"“  cm-. 

The  predicted  magnitude  and  temperature  ■‘ep-vt''- 
ence  id  (he  capture  cross  seen,  ns  am  rv  \  •  ;  ■  i- 

turf  of  the  Auger  p*oce-<  ••  fere-'  Iiv  the  !'•  e  >-v  'Y>; 
identifies?!*'”  <'f  the  mechanism  T'-e  energy  g'vtsrrvjiirn 
rule  and  the  fact  that  ‘he  center  shou’n  ’’ jve  y.-va: 
charge  ’ate-  Mpv.rj'e  *  be  -  1>.2  0.4  eV  h  ; i lie.'. 


gap  provide  an  additional  seme  for  jud'ciotts  mjeta.  :> 
experiments  along  the  line  of  [15|  and  (If,].  Study u 
the  .kinetics  of  the  rise  and  decay  of  the  photneurrent 
after  an  injection  of  minority  carriers  may  be  anothc' 
way  of  detecting  this  recombination  mechanism  (.'•■! , 
Finally,  it  is  worth  remarking  that  the  onc-ccnter. 
He-ltke  mode!  considered  here  may  constitute  only  •» 
of  the  numerous  cases  where  a  dee-,  drb’ctfsi  mm  .\„ 
two  highly  local'/vc!.  s' rone  mtm.K  ’.n  •  -v-  rt  jes  • 
suit? la  p  vr;rn  c.  :!.c  r-i  a:.1  ji  r  tb<  "r  \  \-i  - 

thc  Auger  o'ccc's  '.os*ib!'-.  V;<cc-\;.~;  : re- r.<: ; ; •  ,-r 
io.ts,  ard  ■;'>••  ;  '?.<« «  f  'rtved  by  'H-v  -.r.  .,■■■  ,'-.r 
•sit:’  other  ch-  nr  ci.,  •”!  • ; 't ; > .  ..  ;rav  or  c  ■ 
card:-'  > tcs.  capable  of  tirodecmg  a  two-center  dev.' 
with  •.yve»:*!  ttn'itiv  bound  ccriv-s. 
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Trapping  characteristics  and  a  donor-complex  (DX)  model  for  the  persistent-photoconductivity 

trapping  center  in  Te-doped  Al)tGa1_xAs 

D.  V.  Lang  and  R.  A.  Logan 
Bell  Laboratories.  Murray  Hill.  Hew  Jersey  07974 

M.  Jaros* 

Department  of  Physics  and  Astronomy.  University  of  Massachusetts.  Amherst.  Massachusetts  01003 
(Received  25  January  1978) 

Photocapacitance  measurements  have  been  used  to  determine  the  electron  photoionizatnm  cross  section  of 
the  centers  responsible  for  persistent  photoconductivity  in  Te-doped  Al.Ga, ..As  The  cross-section  data, 
which  have  been  obtained  at  various  temperatures  and  for  crystals  of  various  alloy  compositions,  are  fitted  by 
a  theoretical  line  shape  that  is  valid  for  large  lattice  relaxation.  The  line  shape  and  thermal  broadening  can 
best  be  fit  by  a  binding  energy  of  0.10  +  0.05  eV  and  a  Franck-Condon  energy  of  0.75 -t- 0.1  cV  These 
values  are  in  good  qualitative  agreement  with  the  large-lattice-relaxation  model  of  persistent 
photoconductivity  which  we  recently  proposed.  We  show  that  the  0.10-eV  binding  energy  is  also  consistent 
with  experiments  that  locate  this  energy  relative  to  the  Ferm.  level  The  dependence  of  the  properties  of  the 
persistent-photoconductivity  center  on  the  donor  doping  of  the  samples  leaves  little  doubt  that  this  center 
involves  a  donor  atom,  but  because  the  center  is  not  elTecr.-ve- mass-'ike.  we  believe  that  it  is  a  complex  also 
involving  another  constituent  Accordingly,  we  designate  it  as  a  "DX'  cen’er  The  anomalouslv-large 
Franck-Condon  energy  (Stokes  shift)  and  apparent  fact  that  the  unoccupied  state  of  the  DX  center  is 
resonant  with  the  conduction  band,  yet  sufficiently  localized  to  produce  a  large  relaxation,  are  thus  well 
established.  These  considerations  lead  us  10  the  propose  that  the  most  likely  mode'  for  DX  centers  m 
Al.Ga,  ,  As.  and  perhaps  in  other  compound  semiconductors  as  well,  is  a  complex  involving  a  donor  and  an 
anion  vacancy  We  show  that  such  a  model  is  qualitatively  consistent  with  the  overa’l  trends  in  persistent- 
photoconductivity  behavior  observed  >n  a  variety  of  Ml-V  ard  H-V!  semici  nductors 


I.  INTRODUCTION 

In  this  paper  we  will  discuss  the  thermal  and 
optical  properties  of  the  persistent-photoconduc¬ 
tivity  center  in  Te-doped  Al.Ga,. , As.  The  domi¬ 
nant  features  of  this  type  of  defect  are:  (a)  an 
apparently  enormous  Stokes  shift  (thermal  depth 
from  the  conduction  band  ~0.1  eV.  optical  depth 
-1  eV),  and  (b)  a  very  small  thermally  activated 
electron-capture  cross  section  (<10" 50  cm7),  for 
temperatures  below  about  77  K.  These  features 
could  be  semiquantitatively  explained  by  a  some¬ 
what  unorthodox  configuration  coordinate  (CC) 
model  which  postulated  a  lattice  relaxation  that 
was  very  large  for  such  an  apparently  shallow 
center,  t.e.,  the  Franck-Condon  energy  dTC  was 
proposed  to  be  much  larger  than  the  apparent 
electronic  binding  energy  Et.‘‘  We  will  present 
here  temperature-dependent  optical  data  for  this 
center  which  lend  further  support  to  the  lattice- 
relaxation  model  of  Ref.  1  and  leave  little  doubt 
as  to  Its  overall  qualitative  validity. 

The  verification  of  this  model,  however, 
raises  more  questions  than  it  answers.  For  within 
the  framework  of  the  traditional  understanding  of 
poi-i  defects  in  semiconductors ,  based  on  the 
effective-mass  theory,  the  model  of  Ref.  1  is 
physically  untenable.  The  tact  that  dwc  >■>£,  is 


hard  to  explain,  since  for  all  cases  where  it  has 
been  measured,  dec  is  some  fraction,  typically 
0.1-0. 5,  of  Second,  the  CC  model  of  Ref.  1 
requires  that  the  defect  charge  density  be  suffi¬ 
ciently  localized  to  produce  a  large  lattice  relax¬ 
ation  even  when  the  state  is  resonant  with  the 
conduction  band.  This  is  even  harder  to  explain, 
since  the  conventional  wisdom  ha6  it  that  such 
resonant  states  are  highly  delocalized,  and  hence 
the  electron-lattice  interaction  could  not  possibly 
produce  such  a  large  relaxation.  We  will  show 
that  a  proper  view  ol  the  origin  and  structure  of 
delect  wave  functions  can  resolve  these  apparent 
contradictions. 

The  dependence  of  the  properties  of  the  persis¬ 
tent-photoconductivity  center  on  the  donor  doping 
of  the  samples  leaves  little  doubt  that  this  center 
involves  a  donor  atom.  But  because  the  center  is 
not  effective-mass-like  and  because  its  concentra¬ 
tion  Is  not  always  a  fixed  fraction  of  the  donor 
concentration,  we  believe  that  is  is  a  complex  in¬ 
volving  another  constituent  as  well.  Accordingly 
we  designate  it  as  aZD-Y  center.  Based  on  the 
current  theoretical  understanding  of  deep  levels 
in  semiconductors,  we  will  present  arguments 
which  we  believe  show  that  DX  centers  gre  most 
likely  complexes  Involving  a  donor  atom  and  an 
anion  vacancy,  eg.,  Te-V*,  for  Te-doped 


19 


1013 


®  1970  The  American  Phytic*)  Society 


tolft 


l>  t  I  VN(..  «  A  !.  DC  A  N  .  A  >  0  M  J  A  K  0  > 


Cl 


Al.Gu, . ,  As. 

In  Sec.  U  we  will  discuss  Che  experimental 
methods  and  m  Sec.  Ill  we  will  present  the  experi¬ 
mental  results.  Section  IV  is  a  brief  discussion 
of  the  optical-line-shape  theory  used  to  fit  the 
data.  Finally,  the  resolution  of  the  theoretical 
inconsistencies  mentioned  above  and  our  proposal 
for  the  microscopic  structure  of  DX  centers  are 
presented  in  Sec.  V.  The  paper  is  summarized 
in  Sec.  VI. 

II  EXPERIMENTAL  METHODS 

A.  Crislal  growth  and  sample  preparation 

The  AljGa^.As  samples  used  in  this  study  were 
grown  on  n'  GaAs  substrates  by  liquid-phase 
epitaxy  (LPE)  from  gallium  solution  at  850  C. 
Schottky  barriers  were  fabricated  on  single  n- 
type  epitaxial  layers  by  evaporating  a  semitrans¬ 
parent  {-10%  transmission)  gold  film  through  a 
mask  with  250-  and  500-pra  diam  circular  open¬ 
ings.  Some  of  the  n  layers  were  covered  with  a 
second  p-type  epitaxial  layer  doped  with  Ge  (NA 
-Ad  =  2*  10' 8  cm'’).  The  p-type  layer  was  either 
of  the  same  aluminum  content  x  (for  p-n  homo¬ 
junctions)  or  of  pure  GaAs  (for  single  p-n  hetero¬ 
junctions).  These  p-n  junctions  were  formed  into 
mesa  diodes  by  applying  conventional  metallized 
Ohmic  contacts,  sand  blasting,  and  chemical 
etching.  They  were  then  mounted  on  TO-18  head¬ 
ers  with  teads  attached  to  the  metallized  Ohmic 
contacts  by  thermocompression  bonding.  Some 
of  the  p-n  junctions  were  mounted  on  edge  so  that 
the  junction  space-charge  layer  could  be  uniformly 
illuminated  through  the  substrate.  In  a  few  of  the 
samples  the  substrate  was  removed  by  selective 
chemical  etching  in  order  to  avoid  the  effects  of 
the  substrate  absorption  for  hv>\A  eV.  For  hv 
<  1.3  no  essential  differences  were  seen  in  the 
experiments  performed  on  the  three  types  of 
samples — homojunctions,  heterojunctions,  or 
Schottky  barriers.  The  predominant  dopant  in  the 
n-type  Al,Gat.,As  epitaxial  layer  was 

Te  (5  *  10,s <.VD  -.V*  <2X10'!  cm'5). 

although  a  few  preliminary  results  were  obtained 
on  samples  doped  with  Se,  Si.  and  Sn.  Unless 
otherwise  noted,  all  results  in  this  paper  will  be 
for  the  Te-doped  samples. 

8  Capacitance  apectroicopy  techniques 

The  samples  were  studied  by  various  forms  of 
capacitance  spectroscopy,  namely,  deep -level 
transient  spectroscopy2,3  (DLTS)  and  thermally 
stimulated  capacitance3  (TSCAP)  for  the  thermal- 


emission  and  capture  data,  and  pnotocapacitancc 
for  the  optical  cross-section  data.  The  net  shal¬ 
low-level  doping  concentration  was  measured  by 
a  Miller  feedback  profiler.3'4  These  techniques 
are  especially  well  suited  for  the  measurement  of 
deep-level  concentrations.  Thus,  there  is  no 
doubt  that  the  thermal  and  optical  data  relate  to 
the  same  center,  since  this  center  dominates 
the  behavior  of  our  samples. 

In  order  to  explain  how'  the  data  in  Sec.  IU  were 
taken,  we  show  typical  DLTS  and  TSCAP  curves 
in  Figs.  1(a)  and  1(b),  respectively.  As  is  well 
known, 3,3  these  techniques  correspond  to  the 
same  physical  phenomena — thermal  emission  or 
capture  of  trapped  carriers  in  the  junction  spare- 
charge  layer,  observed  on  different  tune  scales. 
Thus,  the  DLTS  peaks  in  Fig.  Ua)  correspond  to 
thermal  electron  emission  following  a  zeru-bia-,- 
ing  voltage  pulse  (negative  peak)  and  electron 
capture  following  a  forward -bias  injection  pulse 
(positive  peak),  both  with  a  2,7-msec  time  con¬ 
stant.  The  TSCAP  data  in  Fig.  1(b),  on  the  other 


TEMPERATURE  <K) 


FIG.  1.  DLTS  and  TSCAP  data  for  a  typical  sample 
of  Te-doped  Al,Ga,.  tAs  with  x-0.36.  The  DLTS  spec¬ 
tra  correspond  to  a  raw  window  of  366  sec" the  TSCAP 
heating  rate  was  -  1  K/sec.  Increases  in  C  correspond 
to  fewer  trapped  electrons,  while  decreases  in  C  im¬ 
ply  more  trapped  electrons.  The  photocapacitance  tran¬ 
sition  is  indicated  by  the  arrow  labeled  hv. 
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hand,  correspond  to  time  constants  of  the  order 
ol  seconds.  This  explains  the  shift  of  the  DLTS 
data  to  higher  temperatures.  The  positive  going 
TSCAP  step,  corresponding  to  initial  condition 
(»'«')  (defined  below)  is  the  same  physical  phenome¬ 
non  (thermal  electron  emission)  as  the  negative 
DLTS  peak.  From  the  magnitude  of  this  TSCAP 
step  one  can  calculate  the  concentration  of  deep 
levels  which  are  emitting  electrons  with  rates  of 
the  order  of  seconds  in  the  temperature  range  of 
the  step.  Similarly,  the  negative  going  TSCAP 
step  corresponding  to  initial  condition  {Hi)  (also 
defined  below)  arises  from  the  same  effect  as 
the  positive  DLTS  peak.  We  have  found  that  this 
is  due  to  electron  capture  in  the  case  of  DX  cen¬ 
ters  in  AlrGat-,As. 

Usually  a  positive  DLTS  peak  or  a  negative 
TSCAP  step  is  due  to  minority -carrier  emission 
(holes  in  this  case).  However,  the  fact  that  initial 
condition  («ii)  can  be  established  in  n-type  Schottkv 
barriers  by  illumination  with  photons  of  energy 
as  low  as  0,6  eV  totally  rules  out  the  possibility 
of  hole  emission  in  this  temperature  range,  since 
•*1.5  eV  light  would  be  needed  to  empty  hole  traps 
close  enough  to  the  valence  band  to  emit  holes  at 
the  same  temperature  as  the  positive  DLTS  peak. 
The  fact  that  electron  capture  can  give  a  signal 
that  looks  so  much  like  hole  emission  is  due  to 
the  peculiar  nature  of  theDX  center,  i.e.,  its 
electron-capture  cross  section  is  very  small  and 
thermally  activated  at  low  temperatures.’ 

Since  most  of  the  data  in  this  paper  have  been 
obtained  by  the  techniques  shown  in  Fig.  1(b)-  it 
is  important  to  consider  in  some  detail  the  pro¬ 
cedures  used  in  establishing  the  initial  conditions 
(or  the  three  C{T)  curves.  Curve  (i)  Is  the  steady- 
state  zero-bias  capacitance  recorded  as  a  function 
of  temperature.  This  curve  is  reversible  for  in¬ 
creasing  or  decreasing  temperature  scans. 

Curves  (if)  and  (tit),  on  the  other  hand,  are  irre¬ 
versible  thermal  scans  corresponding  to  initial 
conditions  at  the  lowest  temperature  of  completely 
filled  or  completely  empty  DX  centers,  respec¬ 
tively.  Initial  condition  (it)  is  obtained  by  cooling 
the  sample  from  about  200  K  to  about  50  K  with 
+  1  V  bias.  This  bias  corresponds  to  a  narrowing 
of  the  junction  space-charge  layer  so  that  nearly 
all  DX  centers  (which  are  donors  in  Al.Ga,.  ,As5) 
are  below  the  Fermi  level,  tend  to  be  filled  with 
electrons,  and  hence  are  neutral.  At  the  lowest 
temperature,  the  bias  is  returned  to  0  V,  where 
the  filled  DX  centers  in  the  space-charge  region 
constitute  a  nonequilibrium  state  which  is  me¬ 
tastable  because  the  electron  thermal-emission 
rate  is  vanishingly  small  at  50  K.  Thus,  as 
shown  in  Fig.  2(a),  the  space-charge  layer  of 
width  VV, ,  '3  made  up  only  of  ionized  “normal" 
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<  a )  CONSTANT  Bias  voltage 
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(t>)  CONSTANT  CAPACITANCE 

FIG.  2.  Charge  density  vs  distance  in  the  abrupt-de¬ 
pletion  approximations  (a)  for  the  junction  space-charge 
layer  corresponding  to  the  three  TSCAP  Initial  condi¬ 
tions  in  Fig.  1,  and  (b)  for  the  constant-capacitance  con¬ 
ditio  .  of  the  phototnntzation  measurements, 

donors  of  net  concentration  A’0.  When  the  tem¬ 
perature  is  increased  to  the  vicinity  of  100  K,  the 
DX  centers  begin  to  thermally  emit  their  trapped 
electrons  and  hence  become  positively  charged. 
Since  Nox  »ND  in  most  of  our  samples,  this  cor¬ 
responds  to  a  drastic  rearrangement  of  the  space 
charge  at  constant  bias  which  finally  results  in 
the  equilibrium  width  W(,  shown  in  Fig.  2(a)  as 
the  step-wise  charge  distribution  with  shaded 
boundaries.  The  step  at  IV,  -X  correspond^  to  the 
point  where  the  DX  energy  level  passes  through 
the  Fermi  level  in  the  edge  region  of  the  space- 
charge  layer. 2,6  Thus  between  0  and  W,  -X,  the 
DX  centers  are  above  F.r  and  are  empty  in  equili¬ 
brium  so  that  the  positive  space  charge  is  q{XDI 
-HVp);  In  the  edge  region  from  W,  -X  to  W, .  the 
energy  level  ol  the  DX  centers  is  below  the  Fermi 
level  so  that  the  equilibrium  space  charge  is  only 
<?A'p.  The  steady-state  capacitance  change  of 
curve  (t)  as  a  function  of  temperature  corresponds 
primarily  to  the  temperature  dependence  of  the 
Fermi  level,  and  consequently  of  x.  As  X  changes 
with  temperature  at  constant -bias  voltage,  the 
space-charge  distribution,  and  hence  W,  in  Fig. 
2(a),  must  change  accordingly. 
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Initial  condition  i  in'  in  Fig.  lib)  corresponds  to 
all/i.V  centers  empty.  This  is  illustrated  in  Fig. 
2(a)  with  the  space-charge  distribution  q( SDX  Xn) 
from  0  to  W-,,,  with  no  edge  region.  Condition 
( iii )  is  obtained  at  low  temperature  from  the 
steady -state  condition  (i)  by  emptying  tire  DX 
centers  either  optically,  by  exciting  the  electrons 
to  the  conduction  band,  or  electrically ,  by  re¬ 
combination  of  the  electrons  with  injected  holes 
under  forward  bias.  The  optical  emptying  path  is 
illustrated  in  Fig.  i(b)  and  is  utilized  in  the  follow¬ 
ing  photocapacitance  method  to  measure  the  elec¬ 
tron  photoionization  cross  section  7 
fn  the  low -temperature  limit,  where  thermal- 
emission  and  capture  rates  are  negligible,  the 
concentration  of  occupied  DX  centers  nmU)  is 
given  by’ 

nBXU) -Xoxexp(Q !♦/)  ,  (1) 

where  ♦  is  the  optical  intensity  in  photons/cm2  sec. 
In  the  limit  where  Xox».\D,  the  capacitance  is  a 
complicated  function  of  »ox(t);  thus  the  time  de¬ 
pendence  of  C  from  (i)  to  (iii)  in  Fig.  1(b)  is  far 
from  the  simple  exponential  relationship  of  Eq. 

(1).  This  is  dramatically  illustrated  by  the  typi¬ 
cal  photocapacitance  tr;  isient  at  constant  bias 
voltage  shown  in  Fig.  3.  if,  however,  instead  of 
measuring  the  capacitance,  we  monitor  the  bias 
voltage  change  necessary  to  maintain  a  constant 
capacitance,  the  resulting  voltage  transient  has 
the  simple  exponential  form  of  Eq.  (1).  This  vir- 
ture  of  constant  capacitance  measurements  in  the 


FIG.  3.  Transients  due  to  the  photolontsatlon  of  DX 
centers  as  observed  for  the  same  experimental  condi¬ 
tions  by  two  methods  of  measurement:  (ai  capacitance 
transient  at  constant  bias  and  (b)  bias-voltage  transient 
at  constant  capacitance. 


concentrated  deep- level  limit  was  first  pointed 
out  by  Goto  cl  al.1  We  use  the  constant -depletion 
mode  of  a  Miller  feedback  profiler1  to  record  the 
constant-capacitance  data. 

The  experimental  sequence  is  as  follows.  The 
sample  is  first  cooled  at  zero  bias  to  reach  con¬ 
dition  («),  and  then  the  profiler  is  switched  to  the 
constant -depletion  mode  with  the  depletion  depth 
set  at  W,.  When  the  monochromator  is  turned 
on,  th e  DX  centers  in  the  edge  region  are  emptied 
according  to  Eq.  (1),  as  shown  in  Fig.  2(b).  The 
photoionization  transient  is  measured  by  record¬ 
ing  the  feedback  bias  voltage  as  shown  in  Fig.  3. 
The  optical  cross  section  trj  can  then  be  obtained 
from  the  time  constant  of  the  voltage  transient  u 
4>  is  known.  In  these  experiments  the  light  source 
was  a  Bausch  and  Lomb  high-intcn9ity  monochroe. 
ator.  The  monochromator  output  was  measured 
with  a  calibrated  thermopile. 

A  peculiar  property  of  DX  centers,  which  is  the 
cause  of  persistent  photoconductivity,1  is  that 
when  emptied  at  low  temperatures  it  is  impossible 
to  refill  the  centers  without  warming  the  sample. 
The  thermal  barrier  due  to  lattice  relaxation 
essentially  stops  all  electron  capture  below  about 
77  K,  and  the  fact  that  the  empty  DX  state  is  not 
in  the  gap  makes  it  impossible  to  optically  ■■efill 
the  level  from  the  valence  band.  Thus  in  order 
measure  o°  at  a  different  photon  energy  after  the 
system  is  in  state  («»»),  it  is  first  necessary  O' 
warm  the  sample  to  some  temperature  above  the 
negative-going  electron-capture  TSCAI*  step  in 
Fig.  1(b).  As  shown  in  Ref.  1,  tins  electron-cap¬ 
ture  step  is  the  same  physical  phenomenon  as  tlu> 
thermal  quenching  of  persistent  photoconductivnv. 
State  (iii)  in  Fig.  1(b),  therefore,  corresponds  ti¬ 
the  persistent-photoconductivity  state  seen  by 
photo-Hall  or  photoconductivity  measurements.1 
As  a  consequence,  in  the  measurements  of  n'„(h iu. 
which  are  discussed  in  Sec.  Ill,  the  temperature 
cycle  from  the  measurement  temperature  T  up  to 
150-200  K  along  curve  (tit)  and  hack  to  T  alone 
curve  (t)  is  required  for  each  value  of  hr. 

C.  Determination  of  conccnlrwiom 

The  capacitance  values  corresponding  to  condi¬ 
tions  (t) ,  (ii) ,  and  (iii)  In  Fig.  t(b)  can  be  put  on  a 
more  quantitative  basis  in  order  to  determine  the 
DX  center  and  net  normal-donor  concentrations. 
The  necessary  relationships  are  based  on  a  double 
integral  of  Poisson's  equation  giving  the  voltage 
drop  across  a  spatially  uniform  charge  distribu¬ 
tion  p  of  width  x  as  PxV2«,  where  c  is  the  dielec¬ 
tric  constant  of  the  medium.  The  step-function 
charge  distributions  in  Fig.  2  are  based  on  the  so- 
called  abrupt -depletion  approximation  which  is 
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reasonably  accurate  for  all  conditions  except  for¬ 
ward  bias.*  From  Fig.  2  we  have 

2r(  V  M  *  V )  *  d  Wfo  4  ( H  (  _  A)*A’W]  ,  (2) 

+  V)^qW\tSD  .  (3) 

2«(V'm*  V)  =  <7»';,1(.VI,Jt4.A0),  (4) 

where  V  M  is  the  so-called  built-in  potential  which 
is  on  the  order  of  the  band  gap.  and  V  is  the  bias 
voltage.  The  depletion-layer  width  H  is  related  to 
tiie  capacitance  by 

C=f.4/J»'.  (5) 

with  A  the  area  of  the  junction.  Since  the  capaci¬ 
tance  values  in  Fig. '1(b)  all  correspond  to  the 
same  bias  voltage,  Eqs.  (2)-(4)  are  all  equal  to 
each  other.  Thus  from  Eqs.  (3)  and  (4)  we  have 

From  the  double  integral  of  Poisson’s  equation  in 
the  uniform  concentration  limit,  we  have 

A  =  (2 «p,T/qSD)'l\  (7) 

where  £>r  =  (Ef  ~ET)/q,  and  £r  is  the  energy  of  the 
deep  level  of  interest.  For  the  DX -center  case 
Et  =-£c  where  E0  will  be  defined  in  Sec.  IV. 
Thus  by  using  the  value  of  NBX/N0  from  Eq.  (6), 
the  fact  that  the  bias  voltage  is  zero  for  the  case 
of  Fig.  1(b)  and  the  experimental  value  of  On,  we 
can  solve  Eq.  (2)  to  obtain  X  and  dFT,  For  the 
data  in  Fig.  1(b),  we  find  .Vm/'.V0  =8  with  A'ox  4  A'„ 

— 101  ^  cm"*,  and  $rT  —  44  mV  at  100  K.  The 
charge-density  diagrams  in  Fig.  2  correspond  to 
these  values. 

The  steady-state  capacitance  change  between 
100  and  300  K  can  also  be  explained  quantitatively 
by  Eqs.  (2)-(4).  As  the  temperature  increases 
from  100  K,  the  Fermi  level  drops  in  the  gap  so 
that  <SFr,  and  hence  a,  become  smaller.  Thus, 
from  Eq.  (2),  W  must  become  smaller  to  maintain 
the  same  voltage  drop.  In  the  limit  of  A  — 0,  W 
-  tv1t1  in  Eq.  (4).  As  we  can  see  in  Fig.  1(b)  this 
approximates  the  experimental  situation.  We  ex¬ 
pect  and  observe  that  the  higher-temperature 
capacitance  is  actually  somewhat  larger  than  C 
since  the  band  gap,  and  hence  V#t,  decreases  with 
increasing  temperature.  Another  effect  will  cause 
the  room-temperature  capacitance  to  be  given  by 
Eq.  (4)  even  if  namely,  at  approximately 

250  K  the  extrapolated  thermal-emission  rate  e’„ 
from  the  DX  center'  becomes  equal  to  uir(  =  2ir 
*10s  sec*',  corresponding  to  the  capacitance  mea¬ 
surement  frequency  of  1  MHz.  In  this  case,  when 
the  deep-  level  occupation  can  follow  the  measure¬ 
ment  frequency,  the  capacitance  Is  given  by  Eq. 

(4),  which  Includes  both  the  shallow  -  and  deep- 


level  concentrations  as  if  A  were  zero,  even  if  it 
actually  is  not.8  Normally,  the  transition  from  tlie 
high-  to  the  low -frequency  limit  is  accompanied 
by  a  well-defined  step  in  the  C  vs  T  curve,  and  is 
the  basis  of  the  admittance  spectroscopy  tech¬ 
nique.9  For  the  D X  center,  however,  no  such  step 
is  seen  near  250  K.  Apparently,  <t>fT  is  close 
enough  to  zero  at  250  K  and/or  the  jjrI  -<•*  step  Is 
broad  and  small  enough  so  as  not  to  be  noticeable. 

Note  that  the  very  fact  that  Cl T)  gradually  de¬ 
creases  from  300  to  100  K  is  unusual,  and  relates 
to  the  DX  center  being  the  dominant  donor  in  these 
samples.  Our  measurements  on  samples  with 
normal  donors  of  approximately  the  same  depth 
(-0.1  eV),  e.g.,  n-GaP,  show  a  relatively  tem¬ 
perature-independent  C(7  )  curve  down  to  about 
80-100  K.  At  that  point  the  capacitance  abruptly 
drops  to  zero  because  either  r  ‘  of  the  donors  or 
the  device  RC time  constant  can  no  longer  follow 
u)M.  Most  - 0.1 -eV -deep  levels  can  follow 
above  100  K  and  hence  contribute  to  the  space- 
charge-layer  capacitance,  even  if  the  carrier 
concentration  in  the  bulk  is  much  lower  than  \D 
~.VA.  i.e.,  capacitance  measures  <VP  -  A, ,  not  n. 
For  the  class  of  »0.1-eV-deep  donors  the  gradual 
C(T)  curve  in  Fig.  1  is  only  seen  IotDX  centers; 
this  is  further  evidence  that  the  DX  thermal-emis¬ 
sion  depth  is  considerably  greater  than  its  equili¬ 
brium  depth.1  Indeed,  the  edge-region  photocapa¬ 
citance  technique  used  here  [see  Fig.  2(b) j  would 
not  be  possible  for  normal  donors  because  the  re¬ 
capture  of  electrons  in  the  edge  region  is  typically 
much  faster  than  the  photoionization  rate  for  all 
but  the  most  intense  light  sources,  e.g.,  tunable 
ir  lasers.  The  fact  that  the  DX  center  is  the 
cause  of  persistent  photoconductivity,  i.e..  has  a 
vanishingly  small  electron-capture  rate  at  50  K, 
is  the  only  reason  why  the  somewhat  unusual  tech¬ 
niques  used  here  work  at  all. 

Ill  EXPERIMENTAL  RFSLLTS 
A.  Optical  line  shnpc 

The  electron-photoionization  cross  section  o^/w) 
measured  by  the  constant-capacitance  bias-vol- 
tage-transient  technique  of  Figs.  2(b)  and  3  is 
shown  in  Fig.  4  for  an  v  =  0.37  Schottky-barrier 
sample  with  the  substrate  removed.  These  data 
were  taken  for  two  temperatures,  44  and  78  K. 

The  solid  lines  In  Fig.  4  are  a  theoretical  fit  ac¬ 
cording  to  the  phonon -broadened  line-shape  theory 
to  be  outlined  in  Sec.  IV.  The  small  temperature 
range  of  44-78  K  was  dictated  by  the  experimental 
constraint  that  the  thermal -emission  and  capture 
rates  be  small  compared  to  the  optical-emission 
rate.  The  modest  thermal  broadening  In  Fig.  4  is 
actually  quite  large  for  such  a  small  temperature 
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FIG.  4.  Normalized  electrnn-photoioniz.atlon  cross- 
section  for  two  temperatures.  The  solid  lines 

are  theoretical  fits  to  the  data. 

rise  and,  as  we  will  discuss  in  Sec.  IV,  verifies 
the  qualitative  features  of  the  large-lattice-relax¬ 
ation  model  of  Ref.  1.  The  maximum  cross  section 
of  4*  10' 1 '  cm2  is  typical  of  other  deep  levels  as 
reported  in  the  recent  review  by  Grimmeiss.10 

Figure  5  shows  data  from  five  samples  of  differ¬ 
ent  aluminum  content  (0.27  «  ts  0.60)  all  taken  at 
44  K.  We  have  normalized  all  the  data  to  unity  at 
1.2  eV  without  having  measured  the  absolute  cross- 
aectlon  changes  from  sample  to  sample.  The  heavy 
Une  drawn  through  the  data  is  the  44-K  theoretical 
fit  shown  in  Fig.  4.  The  lighter  lines  for  *  =  0.27 
and  x=:0.30  are  not  fits  but  are  intended  to  show 
how  these  samples,  well  into  the  direct-gap  com¬ 
position  range,  have  distinguishable  shifts  in  the 
threshold  region  forces  10* 2  c**,.  As  we  will  dis¬ 
cuss  in  Sec.  IV,  these  weak  tails  at  low  values  of 
hv  most  likely  correspond  to  transitions  to  the  low 
density  of  states  at  r.  It  is  noteworthy  tliat  the 
remainder  of  the  curves  shows  essentially  no  con¬ 
sistent  variation  with  crystal  composition.  Indeed, 
the  three  curves  for  *=-0.37,  0.42,  and  0.60  are 
practically  indistinguishable, 

B.  Variation*  of  DLTS  ipectrn 

The  small  sample-to-sample  variations  that  are 
seen  in  Fig.  5,  other  than  the  direct -gap  tails, 
may  be  attributable  to  the  fact  that  the  DX  center 
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FIG.  5.  Normalized  clectron-photoionizruion  cross- 
section  trj(fin)  at  44  K  lor  live  samples  with  dilfercn1 
A1  fractions.  The  heavy  curve  Is  the  same  theorol'e  d 
fit  as  in  Fig.  4. 


does  not  seem  to  be  a  single  well-defined  center, 
but  rather  a  closely  related  family  of  defects  with 
a  slight  spread  in  binding  energies.  The  range  o' 
possible  Te-related  DX  centers  is  shown  in  the 
selected  DLTS  electron-emission  spectra  shown 
in  Fig.  6.  Note  that  some  samples  actually  show 
two  resolved  DLTS  peaks,  while  most  show  a  single- 
peak  of  varying  width  located  somewhere  between 
the  extremes  of  the  double-peak  examples.  The 
range  of  peak  positions  in  Fig.  6  corresponds  to  a 
shift  of  about  60  meV  in  the  thermal-emission 
activation  energy  of  -0.3  eV.  There  is  no  system¬ 
atic  correlation  of  these  peak  positions,  and  hence 
of  thermal-emission  energies,  with  mixed  crystal 
composition.  Apparently,  the  dominant  type  of 
DX  center  in  any  given  sample  is  determined 
mere  or  less  at  random.  The  only  possible  cor¬ 
relation  with  x  Is  that  the  very  few  double-peak 
examples  seem  to  occur  more  readily  at  the 
extremes  of  the  composition  range,  i.e.,  in  the 
r  =  0,20-0,30  or  r  =■  0.6  range.  Perhaps  the  rela¬ 
tive  probabilities  of  particular  Ga  or  A1  arrange¬ 
ments  around  the  defect  play  a  role  in  the  slight 
shifts  of  Its  properties. 
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FIG.  <>.  DLTS  spectra  ol  the  DX  centers  tn  six  Te- 
itoned  Al(Ga,_  ,  As  samples  selected  to  show  the  typical 
range  of  peak  positions  and  line  shapes  commonly  ob¬ 
served.  The  rate  window  was  3.7  '10*  sec* : ,  with  a 
2-V  reverse  bias  and  a  3-V  majority-carrier  pulse  of 
19-vsee  duration. 

C.  DX  signal  versus  Jr  and  stress 

Let  us  now  discuss  a  set  of  data  which  are  valu¬ 
able  in  assessing  the  reasonableness  of  the  ener¬ 
gies  to  be  determined  in  Sec.  IV  from  the  optical 
fit.  These  data,  as  shown  in  Fig.  7,  are  the  mag¬ 
nitudes  of  the  DLTS  signal  due  to  DX  centers  in  a 
large  number  of  samples  of  various  A1  content. 
Note  that  there  is  quite  a  bit  of  scatter  in  the 
points.  This  corresponds  to  fluctuations  in  the 
SDX  xD  ratio  from  sample  to  sample.  In  fact, 
using  the  procedure  of  Eq.  (8)  we  find  the  NBX/NB 
ratio  to  be  typically  of  the  order  of  10  but  to  vary 
from  leas  than  1  to  more  than  30  in  different 
samples.  This  variation  has  only  a  modest  corre¬ 
lation  with  x,  i.e.,  the  lower  NDX/ND  values  tend 
to  occur  for  higher  A1  fractions,  as  seen  in  Fig.  7. 

The  precipitous  drop  in  DLTS  signal  below  x 
-0.35  is  not  due  to  a  drop  in  DX  concentration, 
however.  This  is  shown  by  stress  measurements. 
The  y  axis  of  the  heavy  arrow  in  Fig.  7  corre- 
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FIG.  7.  DLTS  Signal  magnitude  due  to  DX  centers  In 
various  A1,G»|.  ,As  samples  vs  the  aluminum  friction 
r  of  the  sample  under  the  same  conditions  as  die  spec¬ 
tra  in  Fig.  6.  The  heavy  arrow  indirales  the  signal  in¬ 
crease  in  an  sample  Induced  by  the  application  of 

a  2,5  kbar  stress.  The  discontinuous  drip  in  DLTS 
signal  below  r - 0.30  corresponds  to  F„  crossing  the  Fer¬ 
mi  level,  as  explained  In  the  text. 

spends  to  the  3x  increase  in  DLTS  signal  induced 
in  an  x  =  0.3  sample  by  the  application  of  2.5  kbar 
of  stress;  the  x  axis  of  this  arrow  indicates  the 
composition  change  which  would  give  rise  to  the 
same  shift  of  the  T  minimum  as  does  2.5  kbar  of 
hydrostatic  stress.  A  similar  effect  was  seen  at 
v  =  0.25,  but  at  *  =  0.37  the  same  level  of  stress 
produced  no  effect.  Thus  the  DLTS  signal  is  af¬ 
fected  by  stress  only  In  the  exponential-drop-off 
region  of  0.35. 

The  stress  was  applied  to  mesa  diodes  perpen¬ 
dicular  to  the  junction  plane;  thus  the  sample  di¬ 
mension  along  the  stress  direction  was  consider¬ 
ably  smaller  than  in  the  perpendicular  dimension, 
so  that  the  stress  could  be  considered  essentially 
hydrostatic.  Under  these  conditions  the  major 
change  induced  by  the  stress  is  to  raise  the  T  and 
L  conduction-band  minima  by  12.6  and  5.5  meV/ 
kbar,  respectively,  and  to  lower  the  X  minimum 
by  1,5  meV/kbar."  Since  such  an  effect  obviously 
cannot  change  the  DX  concentration,  it  roust  have 
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changed  cheD.Y  occupation.  This  could  only  hap¬ 
pen  if  the  energy  level  of  the  D X  center  were  above 
EF  in  the  >  <  0.35  composition  range,  so  that  it 
would  be  only  partially  occupied  during  the  majori¬ 
ty-carrier  pulse  used  to  initiate  the  DLTS  signal. 
The  large  signal  change  between  i  _  0.35  and  \ 
-0.22  can  be  readily  explained  by  an  ex pj -(Eux 
-Er)  'kT j  Boltzmann  (actor  if  E,  more  or  less 
follows  the  T  minimum  while  /:ov  '  Ex  -E0  roughly 
follows  the  high-tiensity-of-states  X  minimum  Ex. 
The  data  in  Fig.  7  can  thus  be  interpreted  as 
showing  that  EDX  crosses  F.f  for  0.32  <  v<  0.35  and 
more  or  less  follows  the  X  minimum  in  the  direct- 
gap  region  (see  Fig.  9).  Also,  this  crossing  point 
corresponds  to  of  r-0  so  that  X--0;  indeed,  we 
see  no  edge  effects  in  the  C{T)  curve  for  v<0.25, 
as  expected. 

1)  Donor  doping  effects 

One  of  the  most  important  observations  concern¬ 
ing  theDA-type  centers  is  that  they  depend  strong¬ 
ly  on  the  concentration  and  chemical  species  of  the 
donor  added  during  LPE  crystal  growth.1,5  First, 
the  D.Y  concentration  depends  nearly  linearly  on 
the  donor  concentration.5  Despite  some  scatter  in 
the  data,  this  proportional  relationship  can  be 
seen  relative  to  both  .Yc  ~SA  (determined  by  C-V 
or  Hall  measurements)  and  the  amount  of  Te  add¬ 
ed  during  crystal  growth. 

Even  if  such  concentration  data  leave  one  uncon¬ 
vinced  as  to  the  "D ”  of  D.Y  centers,  the  dramatic 
shifts  induced  by  changing  the  chemical  type  of 
donor  should  Leave  no  doubt  that  DA'  centers  in¬ 
volve  donor  atoms  as  a  constituent.  We  have  ex¬ 
amined  several  samples  having  n  layers  doped 
with  Se,  Si,  Sn  (or  undoped)  instead  of  the  Te 
doping  which  all  of  our  other  results  are  based. 

A  complete  treatment  of  the  various  dopants  is 
planned,  but  the  preliminary  data  can  be  briefly 
summarized  as  follows.  The  samples  doped  with 
Se  show  behavior  such  as  in  Fig.  1,  which  is  es¬ 
sentially  identical  to  that  of  the  Te-doped  samples. 
The  Si-  and  Sn-doped  samples,  on  the  other  hand, 
are  very  different,  both  from  Te  and  Se,  and  from 
each  other.  For  example,  the  DLTS  spectra  of 
Sn-doped  samples  always  show  two  peaks.  With 
the  same  rate  window  (3.7x  105  sec"1)  as  the  Te 
data  in  Fig.  6,  the  Sn-doped  spectra  have  a  small 
peak  (XDX  «.VD)  at  -245  K  and  a  very  large  peak 
{XD x > A’d )  at  about  130-140  K.  The  TSCAP  curves, 
such  as  in  Fig.  1(b),  are  also  very  different  for 
Sn  doping,  i.e.,  the  negative  step  from  C,n  occurs 
at  about  40  K,  indicating  a  smaller  barrier  to 
electron  capture  than  in  the  Te  case.  In  general, 
the  Sn-related  DX  center  appears  to  be  somewhat 
closer  to  the  conduction  band  than  the  Te-  or  Se¬ 
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related  centers.  The  Si -related  I) X  center  is  even 
deeper  than  the  Te  and  Se  centers,  with  the  posi¬ 
tive  TSCAP  step  from  state  {»)  at  -160  K  and  the 
negative  step  from  state  (ui)  at  -140  K. 

The  unknown  background  donor,  which  is  always 
present  in  the  mid-10,'’-cm’,  range  in  our  samples, 
does  not  produce  any  of  the  effects  reported 
above.  Nonintentionally  doped  samples  show  no 
DLTS  peaks  in  the  region  where  the  peaks  due  to 
DX  centers  appear,  and,  in  addition,  do  not  appear 
to  exhibit  persistent  photoconductivity  or  show  the 
qualitative  TSCAP  behavior  of  Fig.  1(b).  This 
might  mean  either  that  the  D.Y  concentration  de¬ 
pends  nonlinearly  on  the  donor  concentration,  in 
spite  of  our  concentration  data,  or  that  the  back¬ 
ground  donor  is  not  Te,  Se,  Sn.  or  Si,  but  another 
element — perhaps  C — which  does  not  produce  a 
DX  center  with  states  in  the  gap.  The  suggestion 
of  C  as  the  background  donor  in  Al,Gat.,  As  is 
not  unreasonable,  since  the  LPE  growth  boat  is 
constructed  from  graphite. 

rv.  THEORETICAL  F  IT  Of-  THl  PHOTOIONI/ATION  DATA 

The  experimental  results  of  a  photoeapacitancc 
or  optical-absorption  study  can  bo  presented  in 
terms  of  the  normalized  cross  section  a  per  inci¬ 
dent  photon  of  energy  hv,  as  in  Eq.  (1)  and  Figs. 

4  and  5.  It  is  our  prime  task  to  find  a  link  between 
the  characteristic  properties  of  rr{hv)  and  the 
quantum- mechanical  parameters  assoc  iated  with 
a  particular  defect.  In  the  present  study,  we  will 
adopt  a  recently  developed’^  approach  which  has 
been  successfully  applied  to  a  number  of  deep- 
level  spectra.  Accordingly,  we  will  restrict  our¬ 
selves  to  a  brief  outline  of  the  most  important 
considerations  particularly  relevant  to  the  prob¬ 
lems  we  arc  trying  to  solve  here. 

In  the  absence  of  an  electron-phonon  interaction, 
it  is  a  standard  approximation  to  write  the  cross 
section  <r  as 

c{hv)  =  !  (i/  :exp(-ikt  •  r)e4  ■  P  'Is 

x  6(e0+  hv) ,  (8) 

where  k  is  the  wave  vector  of  the  radiation  field 
and  X  is  the  polarization  direction.  In  the  usual 
dipole  approximation  we  have  exp(  -ik,  •  f)  -  1.  The 
momentum  matrix  element  in  Eq.  (8)  really  indi¬ 
cates  an  average  over  all  degenerate  initial  and 
ftnal  states.  c0'  and  stand  for  the  im¬ 

purity  energy,  band  energy,  and  wave  Junction  as¬ 
sociated  with  a  band  n  and  reduced  wave  vector  k, 
respectively,  t f  represents  the  impurity  wave 
function. 
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Ip.  the  event  of  strong  coupling  between  the  im¬ 
purity  and  lattice,  the  transition  probability  can 
be  expressed  following  the  model  of  Huang  and 
Rhvs.15  In  this  model,  the  equations  for  the  elec¬ 
tronic  and  phonon  functions  separate.  Only  the 
electron-phonon  interaction  which  is  linear  in  the 
lattice  coordinates  is  included.  The  cross  sec¬ 
tion  a  becomes 

'’(/o')  ~  i \  £  |  U  (exp (-1  k  •  7)7  x  •  p  - 


where  the  function  J„  -  carries  the  information 
about  the  vibrational  states  and  for  the  model  in 
question  can  be  evaluated  exactly. 1,1  For  strong 
electron-phonon  coupling,  ^y.c  expression  lor 
•/*,;  simplifies  to 

=  (rf/)*1  /2cxp(-:ftt’  -  (  \  F. 1  +  £„  ;)?//'!, 


t  ’  =■-  2  S{h  a')Vtanh(/i  v/2k  n  ■  (Id) 

Here  hu  refers  to  the  phonon  energy,  k  is  the 
Boltzmann  constant.  .S  is  the  Huang-Rbys  factor, 
and  tlie  terms  Shu  -•  «.'rc  and  F„~-  Fr  +  dTC  are  de¬ 
fined  m  the  configuration  coordinate  (CC)  diagram 
shown  in  Fig.  8.  The  pn  exponential  term  in  r'q. 
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(10)  obviously  does  not  affect  the  stiape  of  the 
optical  cross  Section,  and  for  our  purposes  ran  be 
omitted. 

In  Ref.  12  a  series  of  simplifying  approximations 
were  introduced  which,  fo>-  a  sufficiently  localized 
if,  allow  one  to  express  Eq.  (9)  in  the  form 


M,hv)~  f  i/i: ;>(>■:) 

nv  J., 


|(li  _  U  »'•).>. r  _ | •’ 
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where  p(E)  represents  the  density  of  electron 
states,  Er  is  the  free-electron  Fermi  energy.  Et 
is  the  forbidden  band  gap,  and  EA  is  the  average 
or  Penn  gap.  The  function  n(E)  interpolates  be¬ 
tween  its  apparent  values  at  £■-  0  and  A  -  e,  ;uid 
was  chosen  simply  as  i](li)-exp(-?.E/FA).  The 
required  choice  of  +  or  -  depends  on  the  nod.ii 
character  of  if  and  corresponds  to  valence-band¬ 
like  or  conduction-band- like  deep  states  lor  *he 
upper  and  lower  signs,  respectively.  In  addition. 
p\E)  and  £„  mav  be  functions  of  temper  sure  r..-; 
well.  We  have  iieglec'ed  this  possibility  over  the 
limited  temperature  range  of  ojr  measure  meets. 

The  cross  section  o(iiv)  observed  .it  several 
vaiues  of  temperature  can  be  luted  with  Eq.  tl  i) 
by  using  the  optical  ionization  energy  £,  -  •*. 

and  the  Franck -Condon  shift  d?c  as  adjustable  pa¬ 
rameters.  Since  A".,  appears  *o  be  of  the  oroei  of 
0.1  eV  from  thermal  measurements,1  it  is  clear 
that  the  line  shape  in  Fig.  4  ran  only  be  fit  by  Eq. 
(II)  for  <irC  For  if  dn:  wore  less  than 

the  cross-section  curves  would  literally  disappear 
from  the  figures,  with  (rmm  occurring  a!  hr  -0.2 
i.V! 

in  the  limit  of  a  large  dFC  ,  the  formula  for 
cr (hv)  in  Eq.  (11)  is  dominated  bv  the  lattice-re¬ 
laxation  Gaussian  and  the  details  of  the  electronic 
part  in  Eq.  (8)  become  unimportant.  The  approxi¬ 
mations  in  Ref.  12  concerning  Eq.  (8)  are  there¬ 
fore  perfectly  acceptable  in  this  case.  A  difficulty 
may  arise,  however,  at  hv-c  1.5  eV,  since  above 
that  energy  the  drop  in  the  crystal  density  of 
states15  at  around  2  eV  above  the  conduction-band 
edge  begins  to  affect  the  cross  section.  In  order 
to  represent  the  cross  section  well  at  hv  -  1.5 
eV  we  would  have  to  abandon  our  simple  model 
and  perform  a  more  vigorous  calculation  of  the 
electronic  par;  in  which  the  true  variation  of  the 
electronic  matrix  element  and  the  density  of 
.Tates  iRrther  from  the  band  edge  is  belter  ac¬ 
counted  for.  However,  our  main  objective  here 
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is  to  determine  the  magnitude  of  </rc  and  £(,  from 
the  thermal  broadening  and  composition  dependence 
of  n<he).  We  are  first  of  all  interested  in  a  be¬ 
tween  its  apparent  threshold  and  maximum,  there¬ 
fore  we  will  take  p(E)  x  K'ri.  The  theoretical  fit 
for  a  valence-band-like  state,  shown  in  Fig.  4  with 
the  experimental  data,  was  obtained  with  d?c 
=  0.75±0.1  eV,  £o  =  O.l0±  0.05  eV,  andAiu=10 
meV.  The  other  parameters  were  fixed  at  the 
values  for  GaAs  (£A  =  5.2  eV,  £,=  11.5  eV)  and 
Al^j^Ga^j-As  (£,  =  2.05  eV).  This  result  seems 
to  esentially  confirm  the  original  model  which  we 
proposed  for  this  center.1  The  thermal  and  opti¬ 
cal  energies  of  the  Te-rciated  DX  center  may  thus 
be  summarized  in  Fig.  8fa).  The  extent  to  which 
these  data  are  consistent  with  a  simple  CC  dia¬ 
gram  is  shown  in  Fig.  8(b),  where  the  estimated 
ranges  of  error  are  shown  as  shaded  regions. 

The  values  of  £0  +  rfFC  in  such  a  diagram,  arc 
quite  sensitive  to  the  values  chosen  for  Em  and 
£.  However,  since  the  CC  diagram  is  totally  de¬ 
termined  by  only  two  parameters,  we  can  see 
that  the  internal  consistency  among  the  data  in 
Fig.  8(b)  is  quite  impressive  for  so  simple  a 
model. 

The  estimated  errors  for  drc  and  £0  are  pri¬ 
marily  due  to  the  fact  that  the  experimental  data 
cover  only  a  small  range  of  temperatures.  Data 
at  higher  temperature  would  provide  a  means  of 
testing  our  model  more  thoroughly.  In  addition, 
it  may  well  be  that  the  linear  model  is  not  en¬ 
tirely  adequate  for  such  large  relaxations.  How¬ 
ever,  the  magnitude  of  the  broadening  with  in¬ 
creasing  temperature  seems  in  good  accord  with 
the  large  value  of  dTC  required  to  fit  the  shape 
of  <r(Av)  (Fig.  4). 

The  large  value  of  <1^  means  that  modest  varia¬ 
tions  in  the  density  of  states  due  to  variations  in 
composition  should  not  introduce  any  sharp  fea¬ 
tures  in  o(fiv).  In  particular,  the  appearance  of 
the  tall  of  low  density  of  states  due  to  the  T  valley 
being  lowered  in  energy  with  decreasing  x  should 
have  no  such  effect  on  r  and  on  the  actual  position 
of  the  level  in  the  gap.  We  would  thus  expect  that 
the  optica!  spectrum  should  be  practically  un¬ 
changed  as  x  increases  from  0.4  to  0.6,  and  should 
•hilt  only  slightly  towards  lower  energies  as  we 
move  into  the  direct-gap  range.  Indeed,  this  is 
the  behavior  of  the  data  in  Fig.  5.  It  occurs  be¬ 
cause  the  level  does  not  follow  the  band  edge  but 
rathe i  ,-.o  higher-lying  regions  of  large  density 
of  states  primarily  associated  with  the  X  valley, 
as  indicated  ir.  Fig.  9.  Any  Quantitative  assessment 
Of  the  shift  of  <7  towards  lower  energies  with  de¬ 
creasing  x  is  obscured  by  the  large  scatter  of  the 
data  for  different  compositions.  As  pointed  out 
la  connection  with  Fig.  6,  it  would  seem  that  the 
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ALUMINUM  FRACTION. > 

FIG.  9.  Equilibrium  energy  £c  of  PX  centers  in 
A^Ga,.  ,As  as  deduced  from  the  fit  to  the  optical  data 
in  Figs.  <1  and  3  with  estimated  error  bar.  The  shaded 
region  0.32  <  .r  <  0.35  indicates  the  range  of  composition 
where  Fc  crosses  the  Ferm'  level,  according  to  the  data 
in  Fig.  i.  The  lowest  high-denslty-of- states  mtnimuii' 
relevant  for  optical  transitions  Is  shown  shaded.  The 
A1TGS|.  (As  bund  structure  is  from  Dingle  rl  nl .  (Hoi. 

16). 

material  contains  several  Te- related  DX-  type 
centers  of  very  similar  energies  and  overall  pro¬ 
perties  which  mav  vary  somewhat  from  sample  to 
sample. 

In  Fig.  9  the  range  of  x  where  we  think  £0 
crosses  £,,  according  to  the  data  in  Fig.  7,  is 
shown.  The  Al,Ga,_xAs  band  structure  in  Fig.  9 
is  taken  from  Dingle  rl  of.10  Unfortunately,  it  is 
difficult  to  know  the  precise  position  of  the  Fermi 
level  in  our  materia!.  Clearly,  that  would  pro¬ 
vide  a  test  of  our  prediction,  for  if  our  result  £„ 

=  0.10  ±0.05  eV  were  correct,  the  point  where  the 
impurity  level  crosses  the  Fermi  level  should  oc¬ 
cur  at  a  composition  .r  such  that  the  separation 
between  the  Fermi  level  and  the  bottom  of  the  X 
valley  is  on  the  order  of  0.10  eV.  With  the  esti¬ 
mated  error  of  about  50  meV  in  £„,  we  see  that 
the  Fermi  level  must,  be  in  the  range  -0.05  <£r 
-£,<  +  0.05  eV  at  **<0.33,  to  be  consistent  with 
these  data.  Hall  data17-18  on  AltGa,.,As  samples 
with  similar  Te  concentrations  indicate  £,  values 
in  this  range  for  thP  conditions  of  our  measure¬ 
ments.  If  we  can  assume  that  these  Hall  data  were 
taken  on  samples  with  large  DX  concentrations, 
then  the  EB  values  in  Refs.  17  and  18  are  a  mea- 
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Mire  of  £,,,  as  well.  For  .»  >0.5,  where  a  onc- 
ImiuI  Hall  analysis  is  valid,  the  ionization  energy 
extrapolated  to  low  doping  levels  (which  is  the 
appropriate  value  to  compare  with  optical  mea¬ 
surements)  is  £c  =  0.105  eV.18  The  estimate  of 
fo'O.l  eV  in  Ref.  1  is  also  consistent  with  these 
values,  but  is  subject  to  considerable  uncertainty 
since  it  is  the  difference  of  two  large  numbers. 

Thus  four  independent  measurements  of  E0—  (a) 
DLTS  emission  and  capture  measurements,  (b) 

Hall  measurements,  (c)  the  fit  to  the  data  of  Fig. 

4,  and  (d)  the  Er  crossing  point  in  Fig.  7 —all 
place  this  equilibrium  thermal  energy  depth  be¬ 
tween  0.05  and  0.15  eV.  This  leaves  absolutely 
no  doubt  as  to  the  reality  of  the  large  Stokes  shift 
associated  with  DX  centers. 

V  MODEL  FOR  THE  STRUCTURE  OF  DX  CENTERS  IN 
COMPOUND  SEMICONDUCTORS 

A.  Inadequacy  of  effective-mass  theory  for  deep  levels 

There  are  two  principal  features  of  the  DX- cen¬ 
ter  CC  diagram  of  Fig.  8(b)  which  are  difficult  to 
explain  using  the  traditional  views  of  defect  states 
in  semiconductors.  They  are  (a)  the  extremely 
Urge  lattice  relaxation  in  which  the  energy  of  re¬ 
laxation  dTC  is  much  larger  than  the  apparent 
binding  energy  E0  and  (b)  the  fact  that  before  the 
capture  of  an  electron  the  unoccupied  DX  state  is 
resonant  with  the  conduction  band,  yet  still  suf¬ 
ficiently  localized  to  force  a  lattice  relaxation  of 
-0.75  eV  after  electron  capture. 

These  apparent  inconsistencies  can  be  readily 
resolved  when  viewed  with  our  current  understand¬ 
ing  of  deep  states  in  semiconductors.  In  the  past 
it  had  always  been  assumed,  in  the  spirit  of  the 
effective- mass  theory,  that  the  localization  of  the 
wave  function  could  be  simply  related  to  the  depth 
of  the  impurity  level  in  the  forbidden  gap.  Thus  the 
envelope  function  would  be  f  ~ exp(-ar),  where 
a  ~(2 »i*E„)‘,:!  in  atomic  units.1'’’20  An  effective- 
mass- like  defect  state  obviously  could  never  be 
localized  if  it  were  resonant  with  a  band.  How¬ 
ever,  if  the  defect  state  is  properly  viewed  as 
arising  from  many  bands  and  not  simply  from 
band  states  of  the  nearest  minimum,  then  the 
degree  of  localization  is  no  longer  related  in  any 
simple  way  to  the  position  of  the  energy  level  in 
the  forbidden  gap. 

In  this  more  general  view  of  deep  levels  there 
is  no  problem  in  accepting  the  possibility  of  a 
strong  lattice  relaxation  originating  from  a  reso¬ 
nant  state,  such  as  the  unoccupied  DX  center. 

9a  raff  and  Appelbaum”  have  shown  that  even 
though  a  bound  state  changes  discontinuously  in 
ch.racter  when  it  moves  into  the  band  and  be¬ 


comes  a  broadened  resonance  of  scattering  states, 
the  change  in  the  charge  density  associated  with 
the  potential  is  continuous.  This  is  a  manifestation 
of  the  Kohn-Majumdar  theorem.22  According  to 
recent  calculations  of  the  energies  and  wave  func¬ 
tions  associated  with  deep  states  in  1II-V  semi- 
conductors)12•''’'’’,4  it  is  quite  reasonable  to  expect 
that  a  bound  state  near  the  conduction-band  edge 
could  be  sufficiently  localized  to  produce  the  lat¬ 
tice  relaxation  required  of  the  DX  center.  The 
results  of  Baraff  and  Appelbaum  allow  us  to  ac¬ 
cept  such  localization  for  a  resonant  state  as 
well.  Indeed,  the  DX  center  might  be  viewed  as 
an  experimental  example  of  the  situation  de¬ 
scribed  by  the  Kohn-Majumdar  theorem.  Of 
course,  we  do  not  intend  to  imply  that  a  resonant 
state  can  ever  be  truly  localized.  Indeed,  any  de¬ 
fect  resonance  has  a  delocalized  Bloch-wave  com¬ 
ponent  in  its  wave  function  in  addition  to  a  locali¬ 
zed  component.  We  define  a  localized  resonant 
state  to  be  one  in  which  the  corresponding  elec¬ 
tronic  charge  density  is  predominantly  found  in  the 
immediate  vicinity  of  the  defect. 

When  a  state  is  viewed  as  arising  from  the  over¬ 
all  density  of  states  and  not  necessarily  related  in 
any  important  way  to  states  at  a  particular  band 
minimum,  wc  can  then  understand  why  dTC  >>  E0. 
This  is  because  the  value  of  Ev  determined  for 
the  DX  center  is  not  really  a  measure  of  the 
strength  of  the  DX  potential,  but  rather  is  a  mea¬ 
sure  of  the  position  of  the  state  in  the  gap  with  re¬ 
spect  to  an  arbitrary  energy  reference  point, 
namely  the  conduction-band  minimum  at  X.  In  a 
sense  this  is  the  "binding  energy”,  since  the  net 
change  in  free  energy  necessary  to  ionize  a  DX 
center  is  E0.  The  energy  with  which  dFC  should 
be  compared,  however,  is  not  <V0,  but  some  mea¬ 
sure  of  the  electronic  strength  of  the  DX  poten¬ 
tial.  For  effective-raass-like  defects,  these  ener¬ 
gies  are  the  same,  but  not  for  deep  levels.  For 
well-characterized  deep  levels,  the  Franck-Con- 
don  energy  is  some  fraction  of  the  strength  of  the 
purely  electronic  part  of  the  defect  potential.  For 
transition  elements  in  GaAs,  for  example,  rfPC  is 
of  the  order  of  0.1  £0,,s  where  E„  in  this  case  is 
of  the  order  of  the  intra-d-level  crystal-field 
splitting.  Other  examples,  e.g.,  ZnO  or  O  in  GaP, 
exhibit  values  of  drc  between  0.1  and  0.5  £0.2* 

Thus  our  value  of  rfrc  ^0.75  eV  would  be  quite 
reasonable  if  the  true  strength  of  thp  DX  poten¬ 
tial  were  of  the  order  of  2  eV.  In  this  context, 
also,  the  60  meV  range  of  energies  in  Fig.  6, 
which  seems  large  compared  to  the  equilibrium 
depth  of  £0 -0.1  eV  or  the  thermal-emission 
depth  of  E~  0.3  eV,  is  almost  negligible  if  the 
DX  center  is  considered  lo  have  a  potential 
strength  of  ~2  eV. 
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B  Oivusuon  of  OX  model 

We  have  seen  above  that  the  apparently  peculiar 
properties  of  the  l)X  center  need  not  be  considered 
at  all  unusual  when  viewed  within  the  non- 
effective -mass  framework  of  deep  levels.  In¬ 
deed,  based  on  recent  state-of-the-art  computer 
calculations  of  deep  levels,12- 23,24  there  exists  a 
very  common  and  plausible  type  of  defect  which 
exhibits  all  of  the  qualitative  features  of  the  DX 
center,  namely,  the  donor- anion- vacancy  complex. 
In  fact,  any  complex  containing  an  anion  vacancy 
is  dominated  by  this  defect  and  has  properties 
qualitatively  similar  to  the  isolated  vacancy. 

Thus  any  complex  of  an  anion  vacancy  plus  an 
impurity  or  even  a  divacancy  (alone  or  with  an 
impurity)  will  behave  roughly  like  an  anion  va¬ 
cancy.  The  model  which  we  will  propose  is  merely 
the  simplest  form  of  donor-vacancy  complex. 

The  data  do  not  preclude  more  complicated  anion- 
vacancy- related  defects. 

The  unrelaxed  As  vacancy  in  GaAs  has  a  gap  of 
-2  eV  between  the  o,  and  t2  states  which  are 
available  for  the  dangling  electrons,  as  shown 
schematically  in  Fig.  10. 24  This  splitting  is  a 
measure  of  the  strength  of  the  V M  potential  and  is 
the  energy  with  which  drc  ~ 0.75  cV  should  be  com¬ 
pared.  Calculations  of  impurity-vacancy  com¬ 
plexes24  show  that  the  presence  of  the  impurity, 
e.g.,  a  Te-donor  atom,  does  not  strongly  affect 
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FIG.  10.  Schematic  single-electron  energy-level 
diagram  for  the  on  relaxed  positive  arsenic  vacancy  and 
Te  Vm!*  complex  la  GaAe  and  Al,Oa,_ ,  As .  The  rela¬ 
tive  ordering  of  the  a ,  and  e  states  of  Te  V*,  depends  on 
the  sign  of  the  axial  distortion.  Note  that  the  energies 
shown  are  intended  to  bo  of  only  qualitative  significance, 


the  overall  properties  of  the  complex,  which  is 
still  basically  V^-like  both  in  its  energy  and  wave 
function.  The  similarity  between  isolated  vacan¬ 
cies  and  impurity- vacancy  complexes,  as  well  as 
the  insensitivity  of  such  complexes  to  the  details 
of  the  impurity  potential,  are  well  known  experi¬ 
mentally  for  cation- vacancy  complexes.27-2*  In¬ 
deed,  the  existence  of  the  donor- cation- vacancy 
complex  has  been  very  well  established;  it  is  the 
so-called  self-activated  luminescence  center  in 
II- VI  semiconductors.2*  Anion  vacancies  or  their 
complexes,  on  the  other  hand,  have  not  been  un¬ 
ambiguously  identified  except  in  a  few  very  wide- 
gap  II- VI  compounds  euch  as  BeO,  ZnO,  and 
ZnS.28  This  is  consistent  with  the  theoretical  pic¬ 
ture  in  which  the  much  stronger  potential  at  the 
anion  site  pushes  the  anion-vacancy  levels  farther 
up  from  the  valence  band  than  is  the  case  for  the 
cation  vacancy.  Thus  in  all  but  the  wider-gap 
materials,  the  anion  vacancy  and  its  associated 
complexes  have  deep  states  originating  m  the 
valence  band  and  pushed  all  the  way  up  through  the 
gap  and  into  the  conduction  band,  i.e.,  these  val¬ 
ence-band-like  anion-vacancy  states  are  deeper 
than  Ev  In  those  materials  where  these  highly 
localized  states  are  located  near  the  edge  of  the 
conduction  band,  it  is  possible  to  have  IMf-like 
behavior  with  the  unoccupied  level  resonant  with 
the  conduction  band,  while  the  occupied  level 
relaxes  to  a  bound  state  in  the  gap.  Such  is  the 
essence  of  persistent  photoconductivity. 


FIG.  11.  Crystal  model  of  one  of  die  12  equivalent 
second-nearest-neighbor  positions  for  the  Te  donor  In 
the  simplest  form  of  Te  V*,  complex  in  Al,Ga,_  „  As. 

The  As  atoms  are  shown  shaded  with  the  Gs(Al)  atoms 
plsin.  The  OsfAl)  atom  marked  by  an  asterisk  moves  In 
response  to  the  Te  donor  snd  hence  produces  the  axial 
distortion  of  the  vacancy.  Different  locations  of  the  Te 
donor  and/or  different  local  Al-Ga  distributions  are 
lively  to  produce  the  rsnge  of  DX  energies  observed  In 
rig.  8.  an  or  81  donors  occupy  Os  sites  which  ars  first 
nearest  neighbors  of  the  As  vacancy  snd  hence  give  rise 
to  shifted  DX  energies,  as  explained  in  the  text. 
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rims,  we  propose  a  model  m  which  the  micro- 
smn-lure  of  DA'- like  centers  is  a  complex  involv¬ 
ing  ;i  donor  and  an  anion  vacancy.  An  example  of 
utie  possible  donor-anion- vacancy  complex  is 
shown  for  Te  donors  in  Al.Ga^^As  in  Fig.  11.  Ex¬ 
perimental  data,  of  course,  can  never  actually 
prove  that  such  a  model  is  correct,  but  within  the 
general  trends  that  have  emerged  from  the  recent 
calculations  of  native  defects  and  deep  impurities 
m  III- V  compounds13,33'2'4,39  our  proposal  is  the 
only  defect  model  among  those  which  have  been 
studied  which  is  consistent  with  the  observa- 
tums. 

Let  us  first  briefly  discuss  the  other  defect 
models  which  have  been  theoretically  analyzed  in 
order  to  show  that  they  cannot  even  qualitatively 
explain  the  DA'-center  data,  i.e.,  they  cannot  pro¬ 
duce  a  "deep"  highly  localized  state  above  the  con¬ 
duction-band  edge  in  AltGal.tAs.  We  will  consider 
substitutional  chemical  impurities,  antisite  de¬ 
fects  cation -vacancy  complexes,  and  interstitials. 

None  of  the  substitutional  chemical  impurities 
and/or  their  pairs  appear  to  be  likely  cx. ! 'dates. 
Deep  levels  due  to  most  chemical  defects  have 
been  found  in  the  gap.  Even  in  cases  where  the 
electronegativity  difference  between  the  host  and 
impurity  atoms  is  large  (i.e.,  ZnTeiO,  GaP:0), 
a  level  exhibiting  lattice  relaxation  appears  in  the 
forbidden  gap.1''  The  exceptions  are  transition- 
metal  elements  and  perhaps  the  elements  from  the 
rare-earth  groups.  However,  these  are  known  to 
exhibit  only  small  Stokes  shifts  and  their  behavior 
is  generally  determined  by  the  <i  and  f  character 
of  l heir  incomplete  shells. 

An  antisite  defect,  if  it  exists,  should  behave  as 
a  simple  double  donor  or  acceptor,  since  it  has 
only  a  weak  short-range  potential. 

The  gallium  vacancy  and  its  complexes  have 
weak  potentials  and  are  expected  to  produce  levels 
in  the  gap.*'*  Such  a  level  has  been  observed  in 
electron- irradiated  Al„Ga,_,As  and  identified  as 
being  due  to  F0i.3°  The  donor-  V^,  complexes  are 
apparently  the  source  of  the  well-known  1.2-eV 
luminescence  band  in  As-rich  GaAs.37 

Very  little  is  known  about  interstitials,  es¬ 
pecially  bonded  interstitials.  Impurity  interstitials 
generally  behave  as  shallow  effective -mass  donors, 
but  self  interstitials  have  never  been  identified  in 
semiconductors,  except  as  close-pair  Frenkeide- 
tects  in  Z  nSc .  ** 

Let  us  now  discuss  the  behavior  of  the  Te-VA> 
model  of  Fig.  11  vis-a-vis  the  DX  centers  in  Te- 
doped  AltGat.tAs,  keeping  in  mind  that  the  actual 
defect  structure  might  differ  somewhat  in  detail 
from  that  shown  but  still  be  dominated  by  The 
attractive  donor  potential  will  lower  the  symmetry 
of  v*,  and  split  the  triply  degenerate  t2  state  as 


shown  in  Fig.  10.  The  position  of  these  energy 
levels  may  vary  perhaps  within  a  few  tenths  of  u 
volt  or  so  with  different  chemical  donors  or  donor 
locations,  but  the  overall  properties  are  deter¬ 
mined  by  the  symmetry  and  by  the  strength  o(  the 
vacancy  potential.  The  shifts  in  Ev  due  to  dif¬ 
ferent  donors,  as  well  as  the  -60  meV  fluctuations 
in  the  energy  of  the  Te-complex  in  Fig.  6,  arc 
consistent  with  this  expectation.  Indeed,  the  ex¬ 
perimental  donor- related  shifts  seen  in  the  donor- 
VZt  self-activated  luminescence  centers  m  ZnS  and 
ZnSe  are  also  40-50  meV.31  According  to  the  ex¬ 
trapolation  of  Fig.  9,  the  donor- VM  complexes  as 
well  as  isolated  should  be  located  well  up  mm 
the  conduction  band  in  pure  GaAs.  and  are  thus 
relatively  inactive  eleetneally.  This  mav  explain 
the  relative  weakness  of  the  recovery  stage  ap¬ 
parently  associated  with  VAt  in  irradiated  GaAs.'1 

It  is  natural  to  ask  whether  this  defect  model  is 
adequate  to  explain  the  persistent-photoconduc¬ 
tivity  centers  seen  in  other  materials,  i.e..  S- 
doped  GaAs1.,Pr,33  S-doped  GaSb,3’  and  Cl-  and 
Ga-doped  Cd1_,ZnITe,3'1  and  CdTe.75'”  Since  we 
would  expect  most  anion  vacancies  in  1II-V  and 
II- VI  compounds  to  give  rise  to  states  near  the 
conduction-band  edge  for  material  with  E,  in  the 
general  vicinity  of  2  eV,  the  model  proposed  here 
should  be  suitable  to  explain  all  such  data  (except 
perhaps  GaSb  with  its  very  small  gap.  where  V’0s 
could  be  near  the  conduction  band).  The  relatively 
small  differences  in  the  strength  of  the  interac¬ 
tions  and  thetr  effect  on  the  actual  position  of  the 
energy  levels  may  have  important  consequences, 
however.  In  particular,  if  the  states  originating 
from  the  levels  associated  with  the  vacancy  arr 
not  pushed  as  deeply  into  the  conduction  band  as 
in  Fig.  10  or  12(a),  one  of  the  levels  might  be  in 
the  gap  and  the  complex  might  show  acceptor  be¬ 
havior,  as  indicated  in  Fig.  12(b).  Indeed,  the 
defects  in  GaAs,.,  P,  (Ref.  32)  and  Cd,.IZn,Te 
(Ref.  34)  exhibit  an  increase  in  mobility  after 
photoexcitation,  i.e.,  behave  as  acceptors.  On 
the  other  hand,  the  DX  center  in  Te-doped 
Al,Ga,.,As  is  a  donor  by  virtue  of  a  decrease  in 
mobility  after  excitation.5  We  would  expect  from 
our  model,  in  agreement  with  experiment33  that 
the  DX  center  in  GaAs,.,P,  should  be  an  acceptor 
since  Vf,  in  GaP  produces  a  state  in  the  gap30  and 
hence  is  like  Fig.  12(b).  Thus  in  wide-gap  ma¬ 
terials  like  GaP  or  CdS  we  would  not  expect  to  find 
DX-ltke  high- mobility  persistent-photoconductivity 
behavior,  for  in  those  cases  the  anion- vacancy 
potential  is  not  strong  enough  to  push  the  state 
above,  or  as  far  as,  the  conduction-band  edge, 
and  the  DX  center  should  behave  like  a  normal 
deep  level  In  the  gap.  This  again  is  consistent 
with  experiment,  for  persistent  photoconductivity 
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FIG.  12.  Schematic  single-electron  energy-level 
diagrams  of  Te  showing  the  possibility  of  either 
donor  (a)  or  acceptor  (b)  behavior  depending  on  the 
position  of  the  axially  splita,  and  r  states  relative  to  the 
edge  of  the  conduction  band. 


has  not  been  seen  in  GaP.  InCdS  the  persistent- 
photoconductivity  state  exhibits  extremely  low 
mobility38  and  most  likely  involves  impurity -band¬ 
ing  effects,  and  not  defect  centers  which  are  reso¬ 
nant  with  the  conduction  band. 

Very  large  relaxation  effects,  defined  by  a  CC 
diagram  such  as  Fig.  8(b),  in  which  drc  =SSto>£0, 
are  of  course  quite  common  in  ionic  materials. 

The  well-known  carrier  self-trapping  phenomenon 
in  these  materials  is  a  typical  example.  Another 
more  recent  example  is  that  of  In  in  CdF,.3"  This 
along  with  the  DX  centers  in  1X1-  V  compounds, 
might  be  considered  an  example  of  what  Toyo- 
zawa  calls  the  extrinsic  self- trapping  of  an  elec¬ 
tron.80  Even  though  the  microscopic  models  of 
the  various  defects  may  be  quite  different  in  these 
very  different  materials,  there  seems  to  be  a 
general  trend  in  which  defects  exhibit  either  rela¬ 
tively  small  or  very  large  relaxation  with  few,  if 
any.  Intermediate  cases.  This  behavior  has,  in 
fact,  been  predicted  on  very  general  theoretical 
grounds  for  strongly  coupled  electron-lattice  sys¬ 
tems/1'43  The  DX  centers  are  thus  striking  evi¬ 
dence  that  such  behavior,  which  had  been  largely 
confined  to  ionic  materials,  also  exists  in  the 
rather  covalent  III- V  semiconductor  compounds 
as  well. 


We  must  now  deal  with  the  fact  that  our  pro¬ 
posed  VA<-impurity -complex  model  for  the  DX 
center  is  in  apparent  conflict  with  the  assign¬ 
ment  of  related  defect  complexes  to  particu¬ 
lar  GaAs  photoluminescence  lines  :n  the  vicmit;. 
of  1.4  eV.-’7'43  Most  of  these  assignments  are 
highly  speculative,  bet  the  recent  ion  implantation 
experiments  of  Itoh  and  Takeuchi43  seem  to  give 
good  evidence  for  (lie  luminescence  line  at  1.4  eV 
being  due  to  Si-FAt.  We  believe,  however,  that 
this  assignment  cannot  possibly  be  correct.  The 
main  argument  against  this  identification  is  that 
this  defect  is  observed  to  form  during  the  500-K 
recovery  stage  of  electron-irradiated  GaAs:  is 
when  Ga-displacement-produced  native  defects, 
e.g.,  V0>  and  As0i,  are  mobile.30' 11  In  particular, 
the  1.4  eV  line  forms  during  the  > ,  substage. 
which  is  associated  with  the  motion  of  the  defect, 
or  defects,  responsible  for  the  shallow  El  and  E2 
electron  traps.31  It  has  been  suggested3"  that 
these  levels  might  be  the  two  states  of  the  AsCll 
antisite  defect,  which  should  be  a  relatively  shal¬ 
low  double  donor.  In  any  event,  thev  are  certain!! 
not  due  to  VAs.  which  is  thought  to  become  mobile 
during  the  recovery  stages  at  235  and  280  K.'1 

How,  then,  do  wc  explain  the  observation  of  !!»■: 
and  Takeuchi4"  that  As'  ion  implantation  reduc.es 
the  1.4  eV  luminescence  while  Ar'  implantation 
does  not.  These  data  are  clear  evidence  that  the 
concentration  of  the  defect  responsible  for  the  1.4 
eV  line  is  depressed  by  excess  arsenic.  Con¬ 
versely,  the  increase  in  this  line  within  1  oi 
the  surface  as  a  result  of  high-temperature  an¬ 
nealing  treatments,  is  consistent  with  the  defect 
concentration  being  enhanced  by  an  arsenic  de¬ 
ficiency.  While  the  above  data  are  certainly  con¬ 
sistent  with  the  defect  in  question  involving  FA>, 
they  are  also  equally  consistent  with  the  defect 
involving  Ga(,  Ga^,  or  any  chemical  impurity 
which  is  substitutional  on  an  arsenic  site.  Wat. 
kins38  has  shown  for  ZnSe  (which  in  many  ways  .s 
very  similar  to  GaAs)  that  the  vacancies  and  va¬ 
cancy-impurity  complexes  which  have  been  iden¬ 
tified  by  FPR  typically  have  very  broad  optical 
line  shapes.  He  specifically  points  out  that  one 
should  not  expect  any  vacancy- related  defect  to 
produce  sharp  luminescence  lines.  This  is  con¬ 
sistent  with  our  assertion  that  the  relatively 
sharp  1.4  eV  luminescence  line  is  not  related  to 
an  arsenic  vacancy. 

We  believe  that  the  most  reasonable  model  for 
the  defect  giving  rise  to  the  1.4  eV  line  is  a'SiA, 
acceptor,  plus  whatever  it  is  which  gives  the  (El, 
£2)  deep-level  pair,  perhaps  As0t.  This  would 
explain  the  500-K  annealing  data31  as  well  as  the 
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implantation  data  of  Itoh  and  Takeuctii,'**  since  then 
the  As'  implantation  can  be  seen  to  diminish  the 
1.4  eV  line  by  reducing  the  SiA<  concentration  due 
to  a  suppression  of  the  t’Aa  concentration.  The 
tendency  for  an  As0,  double  donor  and  Si^  acceptor 
to  pair  would  be  substantial  because  of  their  strong 
Coulomb  attraction.  Indeed,  the  (£1,  E2)  defect 
shows  a  strong  tendency  during  the  500-K  stage 
to  pair  with  acceptors,  e.g.,  Cd  and  Zn.51  Thus, 
we  believe  that  the  stoichiometric  arguments  for 
the  identification  of  and  its  complexes  are 
weak  and  at  best  ambiguous,  with  alternate  ex¬ 
planations  possible  which  are  equally  valid.  When 
we  consider  additional  factors  such  as  the  damage- 
rate  orientation  dependences,  the  optically  in- 
:  duced  EPR  in  related  materials,  and  the  expected 
quantum-mechanical  properties  of  vacancy-re¬ 
lated  states,  we  see  that  the  donor- model  is 
most  appropriate  for  the  DX  center  and  not  the 
sharp  1.4  eV  luminescence  line  in  GaAs. 

VI.  CONCLUSIONS 

The  electron  photoionization  cross  section 
of  OX  centers  in  Te-doped  Al,Gaj.rAs  has  been 
measured  as  a  function  of  temperature  and  com- 
4  oosition  by  the  photocapacitance  technique.  The 
;  line  shape  and  temperature  dependence  of  o°{kv) 

*  can  be  consistently  fit  by  a  phonon-broadened 
i  line-shape  theory  and  can  imply  a  considerable 
lattice  relaxation  associated  with  the  capture  or 
i  emission  of  an  electron  at  the  defect.  The  best 
j  rit  is  for  an  equilibrium  depth  K0  =  0.10  *0.05  eV 
j  with  a  relaxation  energy  dFC -SSw  =  0.75  ±0.1  eV. 
j  This  is  consistent  with  the  large-lattice-relaxation 
j  model  for  persistent  photoconductivity  which  we 
|  have  recently  proposed.  This  fact,  together  with 
j  the  evidence  discussed  in  Ref.  X,  leaves  very  little 
J  doubt  that  such  a  model  correctly  describes  the 
j  overall  qualitative  features  of  the  OX  centers, 
which  give  rise  to  persistent-photoconductivity 
effects  in  a  number  of  1U-V  and  11-YI  semicon¬ 
ductors. 

In  addition  to  the  optical  data,  we  presented 
data  on  the  variations  of  the  DLTS  signal  due  to  the 
D.Y  centers  both  as  a  function  of  A1  fraction  x  and 
applied  stress.  These  data  locate  the  composition 
range  where  the  occupied  DX  energy  level  crosses 
the  Eernn  level  in  our  samples  at  approximately 
0.32 'x-  0.35.  This,  along  with  estimates  of  the 
posit.on  of  Er  from  Hall  data  on  similar  samples 
in  the  literature,  >s  in  reasonable  agreement  with 
the  value  of  F.n  determined  from  the  optical  fit. 

From  an  analysis  of  TSCAP  and  photocapacitance 
data  we  find  that  the  concentration  of  DX  centers 
in  our  samples  is  large— about  ten  times  the  nor- 
;  mal  net  shallow-donor-concentration  In  most 
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samples,  and  typically  within  the  range  l^.Nw/\n 
<30.  Thus,  since  the  DX  center  is  itself  a  donor, 
it  is  usually  the  dominant  donor  in  Te-doped 
AlIGat.JAs.  In  Te-doped  samples  the  DX  concen¬ 
tration  is  roughly  proportional  to  the  Te  concentra¬ 
tion.  Doping  with  Se  gives  the  same  effect  as  Te. 

In  samples  doped  with  Sn  or  Si,  on  the  other  hand, 
a  different  but  closely  related  type  of  DX  center 
Is  produced,  again  proportional  to  the  donor 
concentration.  These  observations  are  strong 
evidence  that  the  DX  center  involves  a  donor  atom, 
hence  the  "D"  of  DX. 

Finally,  we  have  argued  that  the  verification 
of  the  model  of  Ref.  1  forces  us  to  assume  that  a 
defect  state  exists  which  is  resonant  with  the  con¬ 
duction  band  when  unoccupied,  but  which  relaxes 
to  a  point  nearly  0.8  eV  deep  in  the  gap  after  the 
capture  of  an  electron.  Thus  the  defect  wave 
function  must  be  sufficiently  localized,  even  when 
it  is  a  resonance  in  the  continuum  states  of  the 
band,  to  produce  a  very  substantial  lattice  relaxa¬ 
tion.  We  believe  that  the  existence  of  such  a  state 
supports  the  view,  based  on  recent  calculations, 
that  the  localization  of  a  deep-level  wave  function 
is  not  necessarily  related  to  the  position  of  the 
corresponding  energy  level  in  the  forbidden  gap. 
This  is  contrary  to  the  picture  of  defect  wave 
functions  in  semiconductors  based  on  the  effec¬ 
tive-mass  theory. 

Based  on  experience  gained  from  recent  compu¬ 
ter  calculations  of  the  energies  and  wave  func¬ 
tions  of  various  native  defects  and  chemical  Im¬ 
purities  in  III-V  compounds,  we  believe  that  the 
simplest  consistent  model  for  the  microstructure 
of  £>X-type  defects  is  a  complex  involving  a  donor 
and  an  anion  vacancy.  For  the  case  of  Te-doped 
A^Ga^.As  which  we  are  studying,  this  corre¬ 
sponds  to  Te-  VKt.  We  propose  that  such  a  model 
for  the  structure  of  DX  centers  may  be  quite  valid 
in  general  and  can  explain  the  data  on  persistent 
photoconductivity  and  other  effects  due  to  DX  cen¬ 
ters  in  a  number  of  IU-V  and  II- VI  semiconduc¬ 
tors. 
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Abstract.  It  has  been  reported  previously  that  chromium  in  gallium  arsenide  gives  rise  to 
two  luminescence  bands,  one  centred  around  0*80  eV  with  a  no-phonon  line  at  0*839  eV,  the 
other  centred  around  0-56  eV.  High-resoJution  cathodoluminescence  measurements  are 
reported  which  show  that  the  line  at  0*839  eV  consists  of  nine  components,  and  that  there 
are  three  no-phonon  components  at  ~ 0*574  eV  associated  with  the  lower  energy  band. 
Temperature  dependence  measurements  show  that  there  is  no  shift  in  the  transition  energies 
in  the  temperature  range  4-  25  K.  and  indicate  that  splitting  occurs  in  both  the  initial  and 
final  states  of  the  transitions. 


A  broad  luminescence  band  centred  around  0-80  eV  in  chromium-doped  gallium 
arsenide  has  been  reported  by  several  authors  (Turner  and  Petit  1964,  Williams  and 
Blacknall  1967,  Allen  1968,  Egiazaryan  ct  al  1970.  Gorelenok  et  al  1971).  Pcka  and 
Karkhanin  (1972)  and  Aleksandrova  et  al  (1972)  have  also  observed  a  band  centred 
around  0-56  eV  which  they  associate  with  the  presence  of  chromium.  More  recent  high- 
resolution  measurements  at  4-2  K  by  Stocker  and  Schmidt  (I976a,b)  on  Cr-doped 
GaAs  grown  by  liquid  phase  epitaxy  (lpe)  have  shown  that  the  080  eV  band  has  a  sharp 
no-phonon  line  at  0  838  eV.  This  has  beer  confirmed  by  Koschei  et  al  (1976a)  who  also 
report  that  the  0-80  c V  system  is  always  accompanied  by  the  0-56  eV  band  in  Cr-dopcd 
semi-insulating  bulk  material,  but  the  lower  energy  band  was  not  detected  in  the  n-type 
t.PE  layer  which  they  also  investigated.  Koschei  ct  al  (1976a,  b)  have  suggested  that  the 
086  and  0-80  eV  systems  may  be  identified  with  transitions  between  the  crystal-field 
split  levels  of  Cr'*  and  Cr2*  ions  respectively,  located  on  gallium  sites.  On  the  other 
hand.  Stocker  and  Schmidt  (1976b)  consider  that  the  OS6  eV  band  is  associated  with  an 
interna!  *E  -*  'T,  transition  at  Crz*  whereas  the  0-80 eV  system  may  be  identified  with 
a  transition  from  the  conduction  band  to  the  Crz  +  ground  state. 

We  have  studied  the  luminescence  from  several  samples  of  GaAs  obtained  from 
different  sources.  These  include  a  Cr-doped  lpi;  sample  from  Stocker  and  Schmidt,  some 
O-dopcd  and  Cr-doped  bulk  material  from  RSRE,  and  semi-insulating  bulk  samples 
from  the  Sumitomo  Company.  The  crystals  were  mounted  in  indium  on  the  cold  finger 
of  a  helium  flow  cryostat.  The  luminescence  was  excited  by  a  50keV  electron  beam 
focused  to  mm  diameter  with  a  typical  beam  current  of  1-8  pA.  A  study  of  the 

spectral  variation  with  beam  current  indicated  that,  near  4-2  K,  a  1-8  jiA  beam  raises  the 

\ 
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effective  temperature  of  the  emitting  region  by  ~  ]  K  above  that  of  the  coJd  finger.  This 
heating  effect  decreases  at  higher  temperatures  as  the  thermal  conductivity  of  GaAs 
increases.  The  luminescence  was  dispersed  by  a  Spex  1401  monochromator  with  a  600 
groove  per  mm  grating  blazed  at  1-6  pm,  and  detected  by  a  cooled  PbS  cell. 

Spectra  obtained  from  the  n-type  lpe  sample  of  Stocker  and  Schmidt  showed  the 
presence  of  the  0-56  eV  system,  which  they  did  not  observe,  in  addition  to  the  0-80  eV 
system.  However,  since  the  penetration  of  the  electron  beam  is  substantially  greater 
than  the  488  nm  photoexcitation  they  employed,  we  cannot  rule  out  the  possibility  that 
some  of  the  cathodoluminescence  originated  in  the  substrate.  Bulk  samples  of  O-doped 
semi-insulating  GaAs  from  the  Sumitomo  Company  (impurity  concentration  in  atomic 
ppm:  O,  4-5;  Si,  05;  Cr,  0-2;  Fe,  003;  Cu,  002)  showed  the  same  spectral  features  with 
about  six  times  greater  intensity,  allowing  much  higher  resolution  measurements  to  be 
made.  It  was  these  samples  which  were  used  for  all  the  detailed  studies  of  fine  structure 
reported  in  the  Letter.  The  fact  that  the  Cr  spectra  were  so  much  more  intense  in  the 
O-doped  sample  than  in  the  intentionally  Cr-doped  samples  was  noted  with  interest.  To 
test  that  these  spectra  are  really  due  to  chromium  rather  than  oxygen  or  some  other 
impurity,  we  studied  the  luminescence  of  some  O-doped  and  Cr-doped  bulk  samples 
from  RSRE.  The  Cr-doped  samples  showed  the  expected  luminescence  features  whereas 
the  O-doped  samples  showed  very  different  broad  spectra  which  will  be  reported 
elsewhere. 

Wavelength  {nm  'n  air! 


Figure  1.  Cathodoluminescence  spectrum  of  the  080  eV  system,  uncorrected  for  the  transfer 
function  of  the  optical  system,  obtained  from  Sumitomo  semi-insulating  GaAs  with  a  cold 
finger  temperature  of  4  8  K  and  beam  current  of  2  0  pA.  The  temperature  of  the  emitting 
region  was  frO  f-  0-5  K.  The  ro-phonon  structure  is  distorted  by  the  slitwidth  of  the  mono¬ 
chromator  and  the  system  response  time.  The  main  peak  at  839- JO  meV  has  a  height  of 
-  150  on  this  scale. 

Figure  1  shows  a  relatively  low  resolution  spectrum  of  the  080  eV  system  obtained 
with  a  cold  finger  temperature  of  4-8  K  (temperature  of  the  emitting  region  6-0  ±  05  K). 
Some  line  structure  can  be  seen  in  the  no-phonon  region  at  ~  0-839  eV.  The  broader 
structure  at  the  high-energy  end  of  the  sideband  has  been  identified  with  phonon-assisted 
transitions  involving  intrinsic  zone  boundary  and  zone  centre  phonons  (Stocker  and 
Schmidt  1976a,  Koschei  et  al  1976a).  The  broad  hump  seen  around  750  meV  is  of  about 
me  same  strength  as  reported  by  Stocker  and  Schmidt  (1976a)  for  their  Cr  doped  GaAs. 
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even  though  the  sample  used  in  our  experiments  had  more  oxygen  than  chromium  and 
had  a  photoconductivity  spectrum  dominated  by  oxygen  (Tyler  et  at  1977).  This  casts 
some  doubt  on  their  suggestion  that  the  hump  is  ‘possibly  due  to  transitions  to  the  energy 
level  associated  with  oxygen.' 


Wavelength  Inm  in  ail) 

1472  1474  1476  1478  1480 


Figure  2.  Cathodoluminesccnce  spectra  of  rhe  0  839  i-V  no-phonon  structure,  obtained  from 
Sumitomo  semi-insulating  GaAs  with  cold  finger  temperatures  of:  (a)  50  K  ;(h)  103  K:  and 
(c)  14-4  K.  t  iie  beam  current  was  ~  1  8  pA  in  all  cases  and  the  electron  beam  heating  of  the 
emitting  region  <  1  K.  The  monochromator  slitwidth  was  100  pm  giving  a  spectral  resolu¬ 
tion  of  0-2  nm.  The  energy  level  scheme  inferred  from  the  temperature  dependence  of  the 
relative  line  strengths  is  shown  as  an  inser*. 


Higher  resolution  spectra  of  the  no-phonon  structure  are  shown  in  figure  2.  It  can 
be  seen  that  there  arc  nine  closely  spaced  no-phonon  lines,  labelled  A-I,  some  dearly 
resolved  and  some  overlapping.  The  strongest  no-phonon  line,  labelled  G  in  figure  2,  is 
at  1476-8?  ±  0-05  nm  (839-30  ±  003  meV)  with  a  linewidth  (fwhm)  of  ~0-3  nm 
(0-35  nm  apparent  width  with  a  spectrometer  resolution  of  0-20  nm)  at  ~4-2  K.  The 
wavelength  of  this  line  is  independent  of  the  temperature,  within  0-1  nre  accuracy,  from 
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4-2  to  25  K.  The  lines  broaden  with  increasing  temperature  so  that  above  ~25  K  the 
nine  lines  appear  almost  as  one.  A  study  of  the  temperature  dependence  of  the  strengths 
of  the  various  no-phonon  lines  indicates  that  lines  A-E  thermalise  with  respect  to  the 
main  line  G.  Lines  F,  H  and  I,  on  the  other  hand,  maintain  the  same  strength  relative  to 
G  at  all  temperatures.  From  these  data  we  deduce  the  energy  level  scheme,  shown  as  an 
insert  in  figure  2. 


Wavelength  !nm  in  air) 

2150  2160  2170 


Figure  3.  Cathode  luminescence  spectra  of  the  no-phonon  structure  near  0573  eV  obtained 
from  Sumitomo  semi-insulating  GaAs  with  cold  finger  temperatures  of:  (o)  7-7  K;  and  (/;) 
21  2  K.  The  beam  currents  were  (<i)  2-3  pA  and  (b)  18  pA.  and  the  monochromator  slitwidth* 
50()  pm  and  (M  400  pm  for  a  resolution  of 1  r.m  and  'h j  O  S  nm.  The  energy  level  scheme 
interred  from  »hc  icmnoraiurc  dependence  of  the  relative  !*nc  strengths  is  shown  as  an  insert 


Figure  3  shows  the  no-phonon  region  of  the  056  eV  system  and  three  distinct  lines 
are  observed.  At  low  temperatures  there  is  a  main  line  at  2161-34  +  006  nm  (573-49  ± 
002  meV)  with  tw  o  weaker  lines  at  higher  energy.  Increasing  the  temperature  procuces  a 
relative  increase  in  the  strengths  of  the  higher  energy  lines  but  the  thermalisaticn  is  less 
than  would  be  expected  if  at!  the  spotting  were  in  the  initial  state  of  the  transition.  The 


Table  1.  Relative  transition  probabilities  of  the  lines  shown  in  figures  l  and  2  normalised  to 
the  strongest  line  at  low  temperature. 


Wavelength 

Photon  energy 

Normalised  transition 

Transition 

(rni  in  air  1 

<ncV)  ±  003 

probability 

A 

1  47291  i  006 

841-5? 

028 

B 

:  474-2?  i-  0-05 

840-78 

0*44 

c 

1  474  67  x  005 

840-53 

0-49 

I) 

1475-12  +  OC6 

84025 

012 

r 

•  475-1*6  *  0-05 

839*85 

0?7 

t- 

l  476  40  r  0-0* 

839  54 

Oil 

G 

1476  X2  i  'H'S 

839-30 

10 

H 

1  477-6?  ±  0  06 

83884 

010 

1 

1  479-45  ±  0-05 

837-81 

005 

7 

2:51-46  ±  014 

576-12  ±  004 

21 

1! 

2  1 55-82  ±  OOI 

574  96  ±  0-03 

10 

2161-24  +  0-06 

573-49  +  002 

1-0 
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estimated  splittings  of  the  initial  and  final  states  are  shown  in  the  energy  level  scheme  in 
figure  3.  Note,  however,  that  the  final  states  of  the  transitions  labelled  ot  and  jj  may 
really  be  the  same  level  since  the  splitting  shown  is  within  the  uncertainty  caused  by 
signal  noise  and  beam  heating.  Scatter  of  the  data  causes  about  005  meV  uncertainty 
and  an  error  of  1  K  in  sample  temperature  would  cause  ~0I3  meV  error  in  the  energy 
levels. 

Extrapolation  of  the  relative  line  strengths  to  infinite  temperature  gives  the  relative 
transition  probabilities.  These  are  listed  in  table  1  together  with  the  wavelengths  and 
photon  energies  of  the  various  transitions  observed. 

It  is  apparent  from  the  data  presented  here  that  both  the  080  eV  and  0  56  eV  lumines¬ 
cence  systems  may  be  ascribed  to  transition  between  bound  states  of  the  chromium 
defect.  A  more  detailed  understanding  requires,  as  a  first  priority,  a  more  thorough  study 
of  the  role,  if  any,  of  oxygen  and  the  effect  of  conductivity  type. 

We  wish  to  thank  Hans  J  Stocker  and  A  Michael  White  for  supplying  some  of  the 
samples  used  in  this  study,  and  Alan  T  Collins  and  Martin  O  Henry  for  their  aid  at 
various  stages  of  the  experiments.  This  work  was  supported  in  part  by  the  Office  of  Naval 
Research  under  contract  N00014-76-C-0890,  and  by  the  Science  Research  Council  and 
the  University  of  London  Central  Research  Fund. 
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temperature  dependence  of  the  fine  structure  in  toe  luminescence  and 

ABSORPTION  SPECTRA  OF  CHRCMIUM-DCPED  GALLIUM  ARSENIDE* 

Edward  C.  Lightowlers  and  Martin  0.  Henry 

Physics  Department,  King's  College,  Strand,  London  WC2R  2LS  UK 
Claude  M.  Penchina,  Department  of  Physics  and  Astronomy, 

University  of  Massachusetts,  Amherst,  Mass.  01003,  USA 

High  resolution  luminescence  measurements  on  the  839meV 
no-phonon  line  in  Cr-doped  semi-insulating  GaAs  have 
revealed  the  presence  of  13  components.  Corresponding 
structure  has  also  been  found  in  the  absorption  spectrum 
An  energy  level  scheme  and  relative  transition  rates 
have  been  determined  from  thermalization  measurements. 

We  have  reported  previously1  that  the  no-phonon  line  at 

9  9 

839meV~ •  in. the  luminescence  spectrum  from  Cr-doped  semi- 
insulat.ing  (31)  GaAs  contains  nine  components,  and  a 
tentative  energy  level  scheme  was  proposed  based  on  thermal¬ 
ization  measurements.  In  the  present  work  we  report  a 
higher  resolution  luminescence  study  in  which  thirteen 
lines  have  been  identified.  We  report  also  the  existence 
of  most  of  these  lines  in  absorption.  A  modified  energy 
level  scheme  is  proposed  based  on  temperature  dependence 
measurements  of  both  the  absorption  and  emission  spectra. 


842  840  838  836 


OW0T0N  ENERGY  ImeV) 

Fig.  1,  Cathodoluminescence  spectra  of  SI  GaAs:Cr.  Ihe  ordinate 
scales  for  the  two  temperatures  differ. 

The  luminescence  was  excited  by  50keV  electrons  as  des¬ 
cribed  previously!  ,  but  a  significant  gain  in  signal 
strength  was  obtained  by  using  samples  shaped  as  Weior- 
strass  over-hemispheres4.  A  path  length  of  50mm  was 
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Fig.  2.  Absorption  coefficient  for  the  839meV  no-phonon  system 
in  SI  GaAs:Cr(io23nr3).  The  lines  are  superimposed  on  a  much 
stronger  background  absorption  similar  to  that  described  by  Bois 
and  PinardS. 


employed  in  the  absorption  measurements  because  of  the 
small  transition  oscillator  strength. 
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Luminescence  spectra  obtained  at  6 . 5K  and  13. 3K  are  shown 
in  Fig.  1.  The  intensities  of  the  lines  A'  to  E  increase 
relative  to  G  with  increasing  temperature  whilst  the  lines 
I',  H,  I  and  J  do  not  appear  to  thermal  ise .  Corresponding 
absorption  spectra  obtained  at  2. OK  and  6. OK  are  shown  in 
Fig.  2.  Lines  A'.  C  and  F  decr¬ 
ease  relative  to  G  wi  th  increasing 
temperature,  and  l  ine  E  increases. 

The  thermali/.ati  on  of  the  other 
lines  is  less  clear.  The  lines 
on  t  he  low  energy  side  of  G, 
observed  in  the  luminescence 
spectrum,  could  not  be  detected 
in  absorption.  All  of  the  exper¬ 
imental  measurements  are 
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Fig.  3.  Energy  level  scheme 
based  on  the  data  in  Table  1 . 
Line  G  occurs  at  839.37+0.05 
rneV  at  2K. 


summarized  in  Table  l. 


Ph  v.v/<  v  a  t  Scnticonihu  furs  I V  7S 


Table  1.  Energy  .separations  and  intensities  of  lines;  relative  to  line  G. 


Line  Spec* ruscofm*  energy  Hiermal  activation  enerpy(meV)  Relative  transition  probability 


separation  (meV) 

Ahsorpt ion 

Luminescence 

Absorpr  ion 

Zji*r\ i  nescence 

a; 

■♦•2.85  * 

0.02 

-0.25  ♦ 

0.06 

♦2.9 

♦1.1 

0.?4  ■ 

-  0.04 

\  0. 

4 

a 

♦2.31  • 

0.02 

*0.06  • 

0.04* 

♦2.01 

*  o.n 

0.61 

•  o.ir 

0.39  ? 

0.06 

A  ' 

♦2  02  • 

0.08 

*2.87 

•  0.66 

v0. 

3 

B' 

*1.74  • 

0.02 

-0.07  * 

0.06* 

♦1.72 

•  0.10 

0.25 

•  0.0  2 

0.25  ♦ 

0.0? 

u 

*1.48  • 

0.01 

♦0.12  • 

0.08* 

♦1  .90 

♦  0.14 

0.48 

■  o  20 

0.60  • 

0  M 

V 

♦  1  . 20  • 

0.0! 

-0.19  < 

0.04 

*1.12 

•  0.06 

o.:«8 

•  0  04 

0.46  • 

0-03 

]) 

*<> . ;  »2  * 

0.06 

♦1.44 

•  0.17 

0.18  • 

0.04 

f : 

♦0.52  • 

0.02 

*0.44  • 

0.18 

*1  06 

*  0.04 

0.45  • 

>  0.16 

0.77  * 

0.04 

F 

♦0.19  • 

0.0? 

-0.22  • 

0.04 

0 

0.06  • 

-  0.0! 

0.08  ♦ 

0.01 

H 

-0.46  • 

0.0? 

0 

0.12  * 

0.03 

I 

-1.52  • 

0.01 

0 

0.05  ♦ 

0.006 

A 

-2.59  • 

0.2O 

0 

0.02  * 

0.005 

• 

Assumed  to 

bo  /pro 

for  th* 

'  purpose  of  ! 

figure  3, 

The  proposed  energy  level  scheme  based  on  the  data  in 
Table  1  is  shown  in  Fig.  3.  The  transitions  indicated 
with  iuli  tines  appear  to  be  clearly  defined  by  the 
therrra  1  i /.a  i  i  op  data.  however,  experimental  uncertainties, 
particularly  in  the  absorption  measurements,  prevent  an 
unambiituous  assignment  of  the  transitions  indicated  by 
broken  lines.  It  is  likely  that  some  of  the  difficulties 
in  analysing  the  absorption  spectra  arise  from  unresolved 
structure.  This  is  apparent  in  the  higher  resolution 
transmission  spectrum  for  line  C  inset,  in  Fig.  2. 

K  1  ec  t,  r  i  ca  1  transport,  local  mode  absorption  and  mass 
spectroscopic  studies  by  Brozel  et  al®  indicate  that  in 
the  material  used  in  this  investigation,  the  chromium 
exists  primarily  as  C’r--+  and  Cr^+  on  gallium  sites.  These 
authors  also  argue  t  fiat  in  strongly  n-t.vpe  material  the 
.■hri.tr.jnij,  js  entirely  present  as  Cr^  +  .  We  were  unable  to 
detect  the  K3PmeV  absorption  system  in  an  n-type  sample 
containing  about  five  times  the  chromium  concentration  of 
the  semi - i nsu 1  a t i ng  material,  and  luminescence  studies  by 
Instotie  and  Eaves7  have  shown  that  '  lu-  strength  of  this 
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system  decreases  as  the  material  becomes  progressively 
n-type.  This  is  in  agreement  with  the  conclusion  of  other 
investigators  that  the  839meV  system  is  associated  with 
chromium  in  the  Cr^+  state.  The  transitions  involved  have 
variously  been  ascribed  to  internal  -  ^T2  transitions 
Cr2'1' ,  or  from  a  band  to  the  Cr2+  ground  state2' 

However,  the  multiplicity  of  the  upper  level  would  appear 
to  ru!e  out  the  latter  alternative. 

The  work  of  Vail in  et  al^  on  Cr-doped  II-VI  compounds  has 
shown  that  complex  splittings  can  be  expected  for  the  5E 
and  states  of  Cr2  +  on  a  tetrahedral  site.  The  fine 

structure  in  the  spectra  reported  here  would  suggest  an 
interpretation  in  terms  of  an  internal  JE  -  transition 

at.  Cr2+  on  a  gallium  site  in  SI  GaAs. 
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T  ranvicn!  -cepaci  Unce-spect  roscopy  experiments  yielded  electron -emission-rate  and  electron  capture  cross- 
section  versus  temperature  data  for  the  main  electron  trap  in  vapor-phase  epitaxial  Gn,_. In,  As  layers  with 
Oe  »  <0.21  The  ionization  energy  Ec-F.r  was  obtained  from  these.  Theoretical  calculations  using  the 
pseudopotential  method  were  performed  for  substitutional  oxygen  donor  in  QalnAa,  and  the  calculated  energy 
levels  were  compared  with  the  experimental  ones.  The  electron-capture  cross  sections,  as  well  as  optical 
photoionization  data  are  also  discussed  from  the  theoretical  point  of  view.  It  ts  argued  that  most  of  the 
experimental  evidence  is  not  consistent  with  the  idea  that  the  observed  electron  trap  is  simple  (substitutional) 
donor  oxygen. 


I  INTRODUCTION 

The  deep  levels  may  play  an  important  role  in 
the  operation  of  specific  semiconductor  devices, 
particularly  in  optoelectronics.  In  recent  years, 
largely  due  to  improvements  in  the  experimental 
techniques  which  tend  to  become  more  quantita¬ 
tive,  and  also  due  to  the  development  of  efficient 
tools  for  theoretical  investigation,  some  progress 
has  been  made  towards  understanding  the  elec¬ 
tronic  and  optical  properties  of  these  levels,  their 
physicochemical  origin,  and  the  physical  con- 
‘igurntion  of  the  corresponding  defects. 

Most  of  the  recent  studies  deal  with  M-V  semi¬ 
conductors.  in  view  of  their  applications  in  opto¬ 
electronics.  A  recent  review  of  the  situation  in 
GaAs  and  GaP  has  been  prepared  by  rkoma  and 
'0- workers.1 

Particle  irradiation  of  semiconductors  is  a  con¬ 
venient  means  for  creating  defects  (and  therefore 
deep  levels'  ill  a  controlled  fashion.  A  recent  re¬ 
view  in  irradiation  defects  in  III- V’’  semiconductors 
has  been  presented  by  Lang/  Equally  important, 
h'Jt  mere  difficult  is  the  study  of  the  defects  which 
appear  spontaneously  in  as-grown  materials,  since 
'he  means  available  for  controlling  the  presence 
and  concentration  of  these  defects  are  limited. 

Since  none  of  the  deep  levels  corresponding  to 
these  "natural"  defects  have  electronic  properties 
identical  with  those  of  the  defects  created  by  ir¬ 
radiation.  one  may  conclude  that  they  are  not  sim¬ 
ple  lattice  defects,  e.g. ,  anion  or  cation  vacancies 
or  interstitials;  more  likely,  they  are  due  to  im¬ 
purities  and  impurity- lattice  defect  complexes. 

in  the  case  of  III-  V  semiconductors,  one  of  the 
useful  ways  of  investigation  of  the  "natural"  deep 
>  x'ols  is  to  'oliew  the  variation  of  their  properties 
iv  a  function  of  composition  in  pseudoternarv 
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alloys.  The  first  such  tentatives  have  been  ac¬ 
complished  by  Lang’  and  Majerfeltf  for  the  system 
GawAlrAs. 

We  present  here  a  study  of  this  type,  concerning 
the  system  Ga,_,  In,  As  and  the  deep  level,  already 
well  known  for  GaAs,  labeled  electron  trap  "A"  In 
our  previous  publications’  or  "O"  in  recent  papers 
by  Lang*;  the  last  label  points  to  the  fact  that  this 
deep  level  may.be  due  to  oxygen,  either  in  the  sim¬ 
plest  configuration  of  a  substitutional  atom  on 
arsenic  site,  or  in  an  impurity- lattice  defect  com¬ 
plex.  An  attempt  to  discover  whether  the  level  can 
be  identified  with  the  simple  substitutional  oxygen 
impurity  has  been  one  of  the  motivations  of  this 
study.  In  addition  to  the  new  experimental  results 
which  will  be  presented  for  the  alloys,  we  have 
endeavored  to  compare  the  experimental  results 
with  detailed,  specific  theoretical  calculations, 
hoping  to  establish  a  new  tradition  and  make  a 
step  forward  with  respect  to  previous  work.  In 
Sec.  n.  we  briefly  discuss  the  existing  evidence 
concerning  the  origin  of  electron  trap  A  and  its 
possible  relation  to  oxygen.  In  Sec.  Ill,  we  de¬ 
scribe  the  techniques  used  in  the  experimental 
study,  as  well  as  the  experimental  results  con¬ 
cerning  the  emission  and  capture  rates  for  level 
A  in  GalnAs  alloys  of  various  compositions.  Sec¬ 
tion  IV  deals  with  the  theoretical  calculations  and 
their  comparison  with  experiment.  Section  V  is 
a  summary. 

II  REVIEW  OF  THE  EXPERIMENTAL  EVIDENCE  ON 
DEEP  LEVELS  POSSIBLY  RELATED  TO  OXYGEN  IN  GaAs 

The  deep  electron  trap  which  forms  the  object 
of  the  present  study  has  been  known  for  a  long  time 
and  It  seems  to  be  by  far  the  most  common  of  the 
unintentionally  created  deep  levels  in  GaAs,  both 
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bulk  grown  and  vapor-phase  epitaxial  (VPE).  The 
level  has  been  studied  most  often  by  two  different 
techniques  in  two  different  types  of  material, 
namely,  photoconductivity  in  high- resistivity  sam¬ 
ples  and  capacitance  transients  in  p-n  junctions, 
or  Schottky  barriers,  in  low- resistivity  ones.  For 
discussions  of  previous  studies  of  the  second  kind 
we  refer  to  Lang  et  ah*  and  Mlrcea  et  al* 

The  tentative  attribution  of  this  level  to  oxygen 
is  strongly  supported  by  the  Investigation  of  the 
high- resistivity  bulk-grown  material,  since  the 
concentration  of  the  level  greatly  increases  when 
the  material  is  deliberately  doped  with  oxygen.7*4 
The  photoionization  spectral  response  data  taken  on 
such  samples  often  reveal 7,a’ 50  two  distinct  con¬ 
tributions  with  threshold  energies  at  0.75-0.8  eV 
and  around  1.05  eV.  Grimmeiss  et  ah*  have  re¬ 
cently  shown  that  the  same  thresholds  are  also 
observed  in  p*n  junctions  on  low- resistivity  ma¬ 
terial  and  that  they  correspond  to  transitions  from 
the  deep  levels  into  the  conduction  band. 

The  question  then  arises  whether  both  these 
levels  belong  to  the  same  defect  center,  more  gen¬ 
erally,  whether  they  are  both  related  in  some 
way  to  the  presence  of  oxygen  in  the  semiconductor. 

The  concentrations  of  these  deep  levels  in  bulk- 
grown  material  are  usually  rather  high,  typically 
in  the  lO^-cm*3  range,  so  that  they  are  easily  ob¬ 
served,  but  other  levels  are  generally  present  as 
well  in  this  kind  of  material,7’10  which  renders 
the  interpretation  more  difficult.  In  this  respect, 
the  situation  is  clearer  with  epitaxial  material. 
From  our  previous  photoconductivity  and  transient 
capacitance  experience  with  VPE,  GaAs11'12  and 
its  comparison  with  deep  level  transient  spectro¬ 
scopy  (DLTS)  work  by  Lang  and  Logan,"  photo- 
capacitance  work  by  Bois  and  Boulou,13  photo¬ 
capacitance  and  transient- capacitance  work  by 
Sakai  and  Ikoma.14  as  well  as  with  Grimmeiss  and 
Ledebo,"  and  Lin  et  ah**  we  draw  the  following 
conclusions:  (i)  the  two  levels  referred  to  above 
are  also  present  tn  undoped  VPE  material,  al¬ 
though  at  much  lower  concentrations,  typically 
10‘3_10U  cm*0;  (li)  the  two  levels  are  independent 
from  one  another.  The  level  with  photoioniza- 
tlon  threshold  at  1-1.05  eV  from  Ee  (and  0.42-0.45 
eV  from  EJ  is  directly  related  to  copper. 0,18 
Therefore,  the  hypothesis  of  a  double  level  (a 
defect  with  two  ionization  states)  proposed  by 
Bois13’"  is  not  verified.  However,  it  is  shown  in 
Sec.  mB2  below  that  the  "A”  electron  trap,  which 
is  the  level  with  photoionization  threshold  at  0.75- 
0.8  eV,  seems  to  have  at  least  one  of  the  features 
which  are  characteristic  for  a  defect  with  two 
ionization  states. 

As  further  evidence  for  the  fact  that  the  "oxygen" 
level  in  bulk-grown  GaAs  is  indeed  the  same  as 


FIG.  1.  Extrinsic  photoconductivity  in  GaAs  at  100  K. 
Triangles — hlgb-resistivlty  oxygen-doped  bulk  (Ref.  9)i 
crosses  and  circles — two  different  low-reslstlvlty  (1  0 
cm)  VPE  layers  with  the  substrate  etched  off  (Ref.  11). 

"A"  electron  trap  in  high-purity  VPE  material, 
we  present  in  Fig.  1  photoconductivity  spectra 
measured  on  thin  (10~*  mm)  epilayers  with  the 
substrate  removed.11  The  two  photoionization 
curves  for  two  different  epilayers  are  essentially 
Identical  In  the  range  0.75-1.0  eV  and  are  in  agree¬ 
ment  with  the  recent  data  for  oxygen-doped  bulk. 
The  threshold  at  1-1.05  eV  is  strong  only  In  one 
of  the  two  epilayers,  in  agreement  with  statement 
(ii)  above. 

III.  EXPERIMENTAL  STUDY  OF  THE  A  ELECTRON  TRAP 
A.  Preparation  of  semiconductor  material  and  aampiw 

The  material  was  prepared  at  Laboratories 
d'Electronique  etde  Physique  applique  (LEP)  by  va¬ 
por  phase  expitaxlal  growth  using  the  A sC  l,  process 
under  hydrogen  flow.  The  substrates  were  n*  ttoped 
and  oriented  3°  off  (100).  The  source  and  sub¬ 
strate  temperatures  were  800  and  720 °C,  re¬ 
spectively.  Growth  rate  was  10  ym/h.  In  order 
to  reduce  the  effects  of  lattice  mismatch,  the  In 
content  was  Increased  in  steps.10  The  dislocation 
density  in  the  final,  constant  composition  layer 
was  In  the  lO’-cm**  range. 

The  epilayers  were  visually  examined,  then  their 
composition  was  determined  by  using  the  x-ray 
measurement  of  the  lattice  parameter.  The  band 


16 


study  of  the  main  electron  trap  IN  l*,A»  ALLOYS 


Mi? 


gap  was  estimated  from  the  Infrared  absorption 
threshold  at  room  temperature  in  the  so-called 
“water- droplet”  experiment,17  this  measurement 
being  subsequently  used  as  a  routine  check  of  alloy 
composition.  Preliminary  electrical  characteri¬ 
zation  included  conductivity  type  and  tree-carrier- 
concentration  profile  determinations  using  a 
mercury  Schottky  barrier. 

Without  intentional  doping,  the  layers  were  n 
type  with  electron  concentrations  of  1015—  lO16 
cm'1.  For  our  study,  low  electron  concentrations 
are  highly  desirable,  in  order  to  be  able  to  mea¬ 
sure  the  electron- capture  rates  (see  Sec.  mB2 
below);  however,  for  compositions  with  large 
indium  content  it  has  not  been  possible  to  obtain 
low  doping  levels.  On  the  layers  chosen  for  trans¬ 
ient-capacitance  experiments,  the  doping  profile 
measurements  were  repeated,  with  better  ac¬ 
curacy.  on  the  permanent  Schottky  barriers  used 
in  these  experiments. 

The  barriers  were  circular  gold  plots  with  a 
diameter  of  0.9  mm,  obtained  by  vacuum  evapora¬ 
tion  through  a  nickel  mask  in  an  oil- free  vacuum 
setup.  No  cleaning  procedure  was  applied  to  the 
wafers  prior  to  evaporation,  but  considerable  care 
was  taken  to  reduce  surface  pollution  as  much  as 
possible.  The  Ohmic  contact  was  made  by  solder¬ 
ing  a  tin  ball  on  the  edge  of  the  sample.  The  con¬ 
nection  to  the  barrier  was  realized  with  a  gold 
wire  fastened  with  silver  paste.  A  more  detailed 
description  of  the  sample  mounting  has  been  given 
in  a  previous  report.18 

In  Table  I,  we  summarize  the  main  characteris¬ 
tics  of  the  samples  chosen  for  this  study.  A  range 
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position  . 
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of  In  chum  content  from  (0-24)%  has  been  explore*. 
The  samples  listed  in  the  table  had  fairly  uniform 
electron  concentration  profiles. 

B.  TrtnWrnl-capadtancs  sxptrtaisti 

We  have  measured  the  emission  rates  (from  deep 
level  to  conduction  band)  and  the  capture  rates 
(from  conduction  band  to  deep  level)  as  a  function 
of  temperature. 

I.  Emission  rotes 

We  have  mainly  worked  with  the  dynamic,  differ¬ 
ential  measurement  of  capacitance  transients  in¬ 
troduced  by  Lang19  under  the  name  DLTS.  Two 
different  experimental  systems  were  used.  The 
first,  semiautomatic  system  based  on  a  Hewlett- 
Packard  model  9821  calculator  has  been  described 
previously18;  it  can  measure  from  very  small 
emission  rates  (starting  at  10"3  s*1  or  so)  up  to 
10  s‘l.  The  second  system,  extending  the  range 
from  about  10  s'1  to  5  x  105  s'1,  is  an  analog  one 
and  is  based  on  the  use  of  a  network  analyzer 
(HP  model  8407  A),  as  capacitance  meter  with  a 
signal  of  0.1  V  applied  to  the  sample, andalock-tn 
detector  (PAR  model  128)  as  filter  selecting  the 
fundamental  of  the  repetitive  transient.  This  last 
setup,  schematically  shown  in  Fig.  2,  is  charac¬ 
terized  by  an  excellent  signal- to- noise  ratio,  due 
to  the  efficient  use  of  information  and  in  spite  of 
the  relatively  high  level  of  noise  coming  from  the 
network  analyzer. 

In  Fig.  3,  we  show  the  DLTS  spectra,  taken  with 


FIG.  2.  Schematic  drawing  of  the  electronic  setup  tor 
transient  capacitance  spectroscopy  at  moderately  high 
emission  rates,  (li  Sample  In  cryostat,  (2)  digital  ther¬ 
mometer  CRL  204.  (3)  pulse  generator  HP  8015  A,  (4> 
directional  coupler  HP  8721  A,  (51  power  splitter,  (B) 
rf  generator  HP  BftOl  A,  (71  network  analyzer  HP  8407  A 
with  display  8412  A,  (8)  lock-ln  detector  PAR  12S.  (*) 
v-v  reronv-r.  (10!  square-wave  corcrator. 
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TEMPERATURE  (K) 


Fin .  9.  DI.TS  spectra  with  a  fixed-emission -rati1  win¬ 
dow  as  a  function  of  alloy  composition.  C  Is  the  capaci¬ 
tance  of  the  barrier. 

an  emission- rate  window  centered  at  7.5  s*1:  on 
samples  made  from  pure  GaAs  and  from  alloys  1 , 
2,  3.  and  4.  For  easier  comparison,  the  spectra 
have  been  redrawn  with  normalized  amplitudes, 
while  in  reality  the  peaks  were  of  course  unequal— 
the  peak  height  being  proportional  to  N,/n ,  where 
•V,  is  the  deep- level  concentration.  In  the  range  of 
temperatures  investigated  (-190  to  +  IC0°C),  a 
single  electron  trap  peak  was  observed  for  each 
sample.  Also,  the  peak  position  monotonously 
moves  toward  lower  temperatures  as  the  indium 
fraction  v  increases,  which  is  exactly  what  one  ex¬ 
pects  if  the  same  defect  is  responsible  for  the 
peaks  observed  In  the  different  samples.  From 
these  observations,  and  taking  into  account  that  the 
layers  were  grown  in  the  same  reactor  under  sim¬ 
ilar  conditions,  we  conclude  with  a  high  degree  of 
credibility  that  the  same  defect  is  observed  over 
the  whole  composition  range. 

The  temperature  corresponding  to  the  DLTS 
peaks  of  Fig.  3  are  plotted  as  a  function  of  indium 
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INDIUM  FRACTION  X 

FK'..  4.  Plot  of  temperatures  T,„„  of  Fig.  3.  cor¬ 
responding  tn  nn  emission  rate  of  7.5  s*1  vs  Indium  frac¬ 
tion  x. 


fraction  x  in  Fig.  4.  A  parabolic  law 

TKm^‘Tma(0)-Tau(x)^oxt 

with  6 *8,  ob 2000  K,  allows  one  to  reproduce  the 
experimental  results  quite  faithfully;  this  empirical 
fit  is  also  shown  In  Fig.  4.  Still,  nonsystematic 
differences,  significantly  larger  than  the  experi¬ 
mental  error,  exist  between  the  smooth  fit  and  the 
data.  These  differences  have  probably  to  do  with 
two  "secondary  effects”  which  we  have  observed: 

(1)  Even  in  the  simplest  case  of  the  binary  semi¬ 
conductor  GaAs  (t  =  0),  the  dependence  of  emtssioa 
rate  versus  temperature  c,(F)  is  not  unique:  It  can 
slightly,  but  significantly  vary  from  layer  to  layer, 
even  if  these  are  of  a  similar  kind  (VPE,  doping  in 
the  101,-cm*’  range,  relative  trap  concentration 
St/n  much  smaller  than  unity). 

(ii)  While,  in  the  case  of  pure- GaAs  samples  the 
emission  transients  are  rigorously  exponential, 
this  is  no  more  true  for  our  alloy  samples,  in 
which  more  complex  transients  with  several  time 
constants  are  obtained. 

Since  these  effects — especially  the  first  one, 
which  we  have  already  signalled  in  a  previous  pub- 
lication— may  present  some  intrinsic  interest,  we 
have  looked  at  them  in  more  detail.  To  illustrate 
the  first  effect.  Fig.  5  shows  DLTS  spectra  taken 
on  five  different  GaAs  layers  with  all  samples 
mounted  at  the  same  time  under  identical  condi¬ 
tions  in  the  crystal.  The  reproducibility  of  the 
temperature  measurement  is  within  1  °C.  Two  dlf. 
ferent  positions  of  the  peak  may  be  clearly  seen. 
Most  of  the  layers  (Including  the  one  of  Fig.  3)  be¬ 
have  as  samples  (a),  (d),  or  (e).  while  (b)  and  (c) 
have  a  larger  emission  rate,  in  spite  of  the  fact 
that  they  are  in  fact  less  doped— thus,  excluding 
the  possibility  of  electric- field- assisted  emission. 
We  stress  again  that  for  all  these  GaAs  samples 
the  emission  transient  is  rigorously  exponential. 

The  temperature  difference  obtained  between  the 
two  groups  of  GaAs  samples  is  of  the  same  order 
as  the  one  measured  between  GaAs  and  Ga^.^ 
In00,As  (Fig.  3);  therefore,  one  must  be  careful 


FIC.  3.  Emission-rate 
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Hi;,  i  .  Li’ii'.ir  |>|i>i  of  capacitance  transients  at  27  C. 
C;,v\s.  i  l -t  Vnutiy*  1  (x  =  U. 0-161. 


not  to  retv  loo  heavily  on  the  exact  position  of  ex¬ 
perimental  jwints  in  Fiji .  4. 

These  small  emission-rate  variations  may  be 
due  to  the  effect  of  internal  crystal  strain. 

The  second  "secondary  effect”  (nonexponential 
emission  transients!  has  been  observed  to  date 
only  on  the  ternary  samples.  To  look  at  this  as¬ 
pect  more  carefully,  we  performed  accurate  mea¬ 
surements  at  a  fixed  temperature,  using  the  calcu¬ 
lator  system  as  transient  averager  in  order  to  im¬ 
prove  the  signal- to- noise  ratio.  Typical  observa¬ 
tions  are  shown  in  Figs.  6  and  7.  In  Fig.  6,  we 
plot  in  linear  scales  the  transients  observed  at 
27  C  lor  GaAs  and  for  layer  *\  (r  =  0.5).  In  the 
second  case,  the  nonexponential  variation  is  easily 
.-'-on. 

In  Fig  7,  we  show  semilogaritlmiic  plots  for 
three  transients.  Generally  it  appears  feasible  to 
ii'scnlie  the  experimental  curve  as  a  sum  of  two 

r  direr  pure  exponentials.  However,  wc  have  not 
hern  able  to  determine  a  regular  variation  of  each 
':an;  '"inslaiil  as  a  function  of  temperature,  which 
would  have  conferred  a  physical  meaning  to  this 
decomposition. 

This  completes  the  description  of  the  secondary 
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FIG.  S.  Arrhenius  plots  of  experimental  emission 
rates  of  electron  trap  A  vs  temperature,  (at  GaAs, 
standard;  (b)  ternary*  1  (x  *0.046);  (el  GaAs,  hlgh- 
emlsslon-rate  layer  (see  text);  (d)  ternary  *  2  (x  =0.077); 
(el  ternary*  4  (x=0.14);  (f)  ternary  *5  (x=o.2I). 

effects  which  loaded  our  investigation.  In  spite  of 
these  difficulties,  from  the  DLTS  data  taken  with 
different  emission- rate  windows  it  has  been  possi¬ 
ble  to  obtain  stratght-Une  plots  of  ejl*  =/tl.  T)y 
characteristic  for  the  deep  electron  trap  A  In  al¬ 
loys  of  increasing  indium  fraction.  These  are 
shown  in  Fig.  8.  According  to  the  discussion 
above,  curve  (b)  for  the  ternary  with  weak  indium 
content,  falls  within  the  range  of  uncertainty  ob¬ 
served  for  pure  GaAs.  It  would  then  be  pointless 
to  seek  for  better  accuracy  in  the  position  of  curve 
(b). 

The  activation  energies  EAC  associated  with  the 
plots  of  Fig.  8  are  marked  in  this  figure.  They 
remain  more  or  less  constant  for  indium  fractions 
lower  than  8%,  then  start  decreasing.  It  is  known 
that  these  activation  energies  are  related  to  the 
energetical  difference  between  the  conduction  band 
and  the  deep  level,  EIC  =  EC-Er.  However,  as 
discussed  by  Henry  and  Lang  a  correction  E ,  due 
to  the  variation  of  capture  cross  section  versus 
temperature  must  be  applied: 

E ac=  F-rc*  & »•  (W 

Therefore,  before  comparing  the  experimental  re¬ 
sults  to  the  theoretical  predictions  concerning  *rc. 
it  is  necessary  to  measure  the  capture  cross  sec¬ 
tions  and  detect  possible  variations  of  F,  as  a 
function  of  > . 
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Z  SketroiKtftun  mitt  md  crom  teetioiu 

The  capture  cross  sections  were  obtained  using 
either  dynamic  or  static  measurements  of  the  cap¬ 
ture  rates. 

-The  dynamic  method  consists  of  sweeping  across 
the  DLTS  peak  with  different  durations  of  the  re¬ 
filling  pulse,  their  plotting  the  peak  amplitude  ver¬ 
sus  pulse  duration.  This  method  can  only  be  used 
within  a  limited  temperature  range  where  the 
emission  rate  la  not  too  small  so  that  a  DLTS  peak 
is  obtained  in  a  reasonable  time. 

At  lower  temperatures,  the  capture  rate  may  be 
obtained  by  the  static  method,  provided  that  the 
deep  level  under  study  is  the  only  one  present— 
which  has  been  shown  above  to  be  the  case  for  our 
samples,  Fig.  3— and  provided  that  the  trap  con¬ 
centration  is  sufficient  so  that  the  corresponding 
AC  is  well  above  the  noise  level.  In  the  static 
measurement,  one  empties  the  trap  by  heating  the 
sample  under  reverse  bias,  then  one  cools  it  down 
to  the  desired  temperature;  when  this  is  reached 
a  succession  of  refilling  pulses  of  equal  duration 
is  applied  and  a  capacitance  reading  is  taken  after 
each  pulse. 

Irrespective  of  the  measuring  method,  if  N, «» 
one  expects  the  capacitance  variations  to  follow 
an  exponential  dependence  on  refilling  time.  We 
have  found,  however,  that  the  variations  we  ob¬ 
served  were  more  complex,  even  in  the  case  of 
pure  GaAs  as  shown  in  Fig.  9.  The  reason  for 
this  behavior  is  not  clear.  We  Indicate  In  Fig.  9 
that  the  experimental  curves  can  be  described  as 
sums  of  two  pure  exponentials  with  approximately 
equal  amplitudes.  This  of  course  suggests  the 
successive  capture  of  two  electrons.  Although 
this  hypothesis  should  not  be  ignored,  for  the 
needs  of  the  present  study  we  have  decided  to  cir¬ 
cumvent  the  difficulty  simply  by  taking,  as  a  mea¬ 
sure  of  the  refilling  time  constant,  the  duration 


FIG.  0.  Illustrating  the  nonexponential  character  of 
trap  refilling  In  GaAs  sample. 


FIG.  10.  Capture  cross  section  vs  Inverse  temperature 
for  electron  trap  A  In  .Ga^ln,  As. 

necessary  for  reducing  the  capacitance  variation 
to  1/e  of  its  initial  value.  The  reasons  for  this 
are;  (i)  the  ratio  between  the  two  time  constants 
in  Fig.  9  is  not  very  large;  (ii)  this  ratio  does  not 
seem  to  vary  with  temperature;  (ili)  as  shown 
above,  the  emptying  process  is  strictly  exponen¬ 
tial,  at  least  in  pure  GaAs,  tending  to  discourage 
the  idea  of  a  two  eleotron  trap.  We  have  been  able 
to  obtain  capture  cross-sections  o',  for  GaAs  and 
for  three  alloy  compositions — samples  *51,  55, 
and  62  of  Table  I.  When  calculating  a,  from  the 
capture  rates,  we  have  neglected  the  weak  varia¬ 
tion  of  electron  effective  mass  versus  x,  using  in 
all  cases  the  same  expression  of  the  thermal  ve¬ 
locity  i'th 

t>tb(cm/s)»2.6x  10*  Tl,1{K) .  (2) 

The  results  are  gathered  in  Fig.  10.  For 
comparison,  we  have  reproduced  in  this  same 
figure  the  curve  found  by  Lang  and  Henry20  for 
GaAs.  In  view  of  the  above  discussed  difficulties, 
the  agreement  seems  satisfactory.  In  particular, 
the  slope  (activation  energy  Et)  of  0.08  eV  is  the 
same  for  the  two  series  of  experiments  on  GaAs. 

The  change  Induced  in  the  capture  cross  sections 
by  the  increase  of  indium  fraction  x  is  remarkable. 
Up  to  x  *  0. 14,  o,  decreases  by  a  large  factor.  For 
the  sample  with  x  =  0.077,  the  activation  energy  f, 
is  still  essentially  the  same  as  in  GaAs,  but  for 
the  sample  x»0.14  it  has  decreased  significantly, 
so  that  the  two  curves  cross  at  low  temperatures. 
Finally  the  (unfortunately  very  Untiled)  data  that 
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FIG .  11.  Dependence  on  Indium  fraction  x  of  the 
bottom  of  the  conduction  band  Ec  and  of  the  deep  level 
Er  for  electron  trap  A .  Reference  la  top  of  the  valence 
band. 

we  have  been  able  to  get  for  x  =  0.21  seem  to  Indi¬ 
cate  that  cr„  increases  again,  but  this  point  may 
need  further  verification. 

(\  lonwilion  energies 

From  the  above  data  on  emission  activation  en¬ 
ergy  EAC,  Fig.  8,  and  capture  cross-section  acti¬ 
vation  energy  E  Fig.  10,  we  calculate  the  ion¬ 
ization  energy  EIC  of  deep  electron  trap  A  as  a 
function  of  indium  fraction  x,  according  to  Eq.  (1). 
The  result  is  presented  graphically  in  Fig.  11, 
where  we  plot  both  the  band  gap  £,  (as  from  Table 
I)  and  £,-  E,c  vs  x.  As  suggested  by  the  arrow 
pointing  upwards,  the  point  at  x  =  0.21  is  probably 
an  inferior  limit,  since  F„  could  not  be  reliably 
estimated  in  this  case,  so  that  we  have  simply 
taken  Elc  =*  F.AC . 

The  simplest  smooth-curve  approximations  to 
the  data,  both  for  the  conduction  band  and  the  deep 
level,  are  straight  lines.  From  x  =  0  to  x  =  0.20, 
the  band  gap  varies  by  18%,  while  Et~  ET  varies 
by  only  9%;  that  is  to  say,  as  x  increases  the  deep 
level  tends  to  come  nearer  to  the  conduction  band, 

This  completes  the  description  of  experimental 
work.  In  Sec.  IV,  the  results  will  be  compared 
with  theoretical  predictions. 

IV.  CALCULATIONS  OF  DEEP-LEVEL  STATES 
A  Energy  level  of  oxygen  in  G»A» 

In  previously  reported81  deep- level  calculations, 
we  have  found  an  ionization  energy  of  0.78  eV  for 
0aAs:0,  in  good  agreement  with  the  experimental 
lata  discussed  in  Sec.  U  above.  Clearly  the  re- 
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suit*  reported  here  for  Ga,^h^Ae  give  us  an  op¬ 
portunity  to  put  the  above  hypothesis  to  a  test;  if 
the  close  agreement  between  the  activation  energy 
for  trap  A  and  the  calculation  for  GaAa.-O  le  not 
mere  coincidence,  then  a  similar  agreement  must 
exist  in  Ga^jIivAs.  Although  this  calculation  can¬ 
not  prove  that  trap  A  Is  due  to  oxygen  (or  any  other 
chemical  impurity),  a  disagreement  between  the 
calculated  and  observed  activation  energies  In 
Ga^n^Ls  might  be  a  strong  Indication  that  the 
trap  Is  not  simple  substitutional  donor  oxygen. 

The  details  of  pseudopotential  calculations  of 
Impurity  levels  associated  with  deep  traps  In  GaP 
and  GaAs  have  been  described  In  our  previoue 
publications91' **  and  will  not  be  repeated  here. 

The  essence  of  the  method  consists  of  writing  the 
impurity  wave  function  ^  as  an  expansion  in  terms 
of  the  unperturbed  Bloch  functions  of  the  host 
crystal,  8„  f.  Here  n,  k  Indicate  the  band  and  re¬ 
duced  wave  vector,  respectively.  The  one- elec¬ 
tron  SchrSdinger  equation,  Le., 

(ff0 +*)<!<*  fit  (S) 

with 

*=£Xs8*»-  (4) 

■p  I 

is  then  solved  numerically.  The  functions  8^  {  are 
obtained  from  a  local  empirical  pseudopotential 
band- structure  calculation.”  Here  h  is  the  im¬ 
purity  pseudopotential  which  in  this  particular 
case  Is  Just  the  difference  between  the  self-con¬ 
sistent  (screened)  pseudopotentials  of  oxygen  and 
arsenic.  The  expansion  in  (4)  requires  ten  bands 
and  several  thousand  sampling  points  in  the  re¬ 
duced  zone  to  converge. 

When  we  come  to  consider  oxygen  in  Ga^i^As 
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FIG.  13.  Calculated  ground-atate  energy  of  a  ■  Ingle 
donor  oxygen  In  Ca<_,  !n,A*.  The  politico  in  the  direct 
gap  la  ahown. 
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for  x*Q,  we  maintain  our  sampling  procedure  and 
the  potential  h  unchanged.  The  band- structure 
parameters,  l.e.,  the  functions  t%t  and  energies 
£a|i  are  obtained  as  before,  l.e.,  by  solving 

W'.l'-E'.tKi-  (5) 

The  crystal  potential  H0  for  the  alloy  is  set  up 
according  to  the  virtual- crystal  approximation. 
This  involves  simple  linear  interpolation  of  the 
lattice  constant  and  the  pseudopotential  form  fac¬ 
tors  between  GaAs  and  InAs  values.  The  calcula¬ 
tions  were  performed  for  x* 0.0,  0.1,  0.2,  and 
0.5  and  the  results  are  shown  in  Fig.  12.  This 
figure  shows  both  the  calculated  direct  band  gap 
and  the  impurity- ground- state  energy  as  a  function 
of  the  indium  concentration  x. 

B.  Comparifon  of  theory  with  experiment 

Comparison  of  the  calculated  (Fig.  12)  activation 
energies  with  the  experimental  ones  in  Fig.  11  is 
not  favorable  enough  and  can  hardly  support  our 
hypothesis  that  the  trap  is  O  donor  at  the  As  site. 
We  must  now  closely  examine  our  results  in  the 
light  of  all  existing  experimental  Information,  for 
there  may  be  evidence  which  might  contradict  our 
conclusions  about  the  activation  energy  or  some 
consequences  of  such  a  conclusion.  However,  be¬ 
fore  we  do  so  we  must  critically  assess  the  calcu¬ 
lation  itself. 

As  we  have  pointed  out  earlier,21  the  absolute 
position  of  an  impurity  level  in  the  forbidden  band 
gap  is  very  difficult  to  calculate  accurately.  This 
is  because  the  impurity- ground- state  energy 
arises  as  a  result  of  cancellations  which  take  place 
when  contributions  coming  from  different  parts  of 
the  wave- vector  space  are  added  up.  Convergence 
properties  of  such  a  system  are  difficult  and  tedi¬ 
ous  to  study.  Furthermore,  our  calculation  is  not 
self-consistent  in  the  usual  sense  and  the  reliabil¬ 
ity  of  the  potential  h  depends  to  some  extent  on  the 
validity  of  linear  screening  approximation.  The 
close  agreement  of  our  theory  with  experiment  as 
far  as  GaP:0  is  concerned  must  be  at  least  to  some 
degree  fortuitous.  In  GaAs,  the  precision  with 
which  we  can  position  a  deep  donor  level  can  only 
be  lower.  The  density  of  states  near  r,  (conduc¬ 
tion  band)  is  very  low  and  our  sampling  procedure 
does  not  really  represent  this  part  of  the  band 
structure  very  well.  Fortunately,  the  ground- 
state  wave  function  spreads  over  a  large  area  in 
h  space21  and  such  parts  as  T,  affect  the  ground 
state  only  very  little.  Positions  of  deep  levels  in 
the  gap  merely  reflect  a  change  in  those  parts  of 
the  band  structure  where  the  density  of  states  is 
high.  This  argument  which  is  not  difficult  to  ac¬ 
cept  on  intuitive  grounds,  has  been  well  supported 


by  all  our  calculations.  Finally,  the  dataila  al  the 
band  structure  are  not  well  described  by  the  local 
empirical  paeudopotentlal  employed  here.  For  in. 
stance,  some  very  recent  experiments”  show  that 
the  secondary  conduction-band  minimum  at  X,  is 
above  that  at  Lx  (0.475  and  0.285  eV  above  the 
bottom  of  the  conduction  band  of  GaAs,  respective¬ 
ly).  Since  we  realty  calculated  the  Impurity  ener¬ 
gy  with  respect  to  the  lowest  conduct  ion- band  val¬ 
ley  with  large  density  of  states  more  accurately 
than  with  respect  to  r4,  all  impurity  energies 
shown  tn  Fig.  12  should  be  reduced  by  about  50 
meV.  We  do  not  believe  that  such  corrections  are 
of  importance  here  since  (a)  they  only  represent 
a  systematic  error,  and  (b)  this  error  is  smaller 
than  the  expected  (systematic)  error  due  to  sam¬ 
pling  and  impurity  potential  which  amounts  to  at 
least  ±0.1  eV. 

We  shall  now  concern  ourselves  with  the  relative 
changes  in  the  ground-state  energy.  In  Fig.  13, 
we  can  see  the  changes  in  the  positions  of  the  sec¬ 
ondary  minima  at  X,  and  L,  as  a  function  of  x,  A 
glance  at  Figs.  12  and  13  shows  that— as  expected— 
E  (oxygen)  does  not  follow  the  band  edge  but  seems 
to  “follow"  the  valence  band.  What  really  happens 
is  that  this  level  which  is  primarily  associated 
with  the  conduction  band21  simply  is  not  very  sen¬ 
sitive  to  the  low  density  of  states  area  near  I*,. 

Of  course,  as  x  increases,  the  interaction  with 
ttie  T,  valley  should  slowly  increase  in  importance 
since  T,  comes  closer  to  the  level  in  the  gap. 

There  ts  some  uncertainty  as  far  as  the  positions 
of  X,  and  Z,t  with  respect  to  r,  in  InAs  are  con¬ 
cerned.  Obviously,  the  relative  change  in  the  po¬ 
sition  of  the  deep  level  with  x  does  depend  on  the 
change  at  X,  and  Lv  Hence,  our  predictions  con¬ 
cerning  the  relative  change  In  £  (oxygen)  also  con¬ 
tain  some  uncertainty.  However,  the  main  result 
of  our  calculation,  namely,  that  £(oxygen)  does 
not  follow  either  X,,  Lx.  or  Tt  and  that  Er-E( oxy¬ 
gen)  "(const)  for  x  =  0.0-  0.2  (i.e. ,  the  range  in 
which  the  experiment  was  performed),  can  hardly 
be  altered  by  the  above  consideration  significantly 
enough  to  render  comparison  with  the  experiment 
impossible.  On  the  other  hand,  it  may  be  argued 


FIG.  13.  Position  of  the 
conduction-band  minima 
with  respect  to  the  top  of 
the  valence  band  in 
tia,.,In,  As  from  :i  simple 
virtual-crystal  model  em 
ployed  In  this  calculation 
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that  the  above  behavior  oi  £  (oxygen)  is  not  neces¬ 
sarily  peculiar  to  oxygen.  All  deep  states  of  this 
symmetry,  dominated  by  short-range  potentials, 
should  be  expected  to  follow  such  a  trend,  and  it 
may  well  be  beyond  the  sensitivity  of  our  impurity 
calculation  to  distinguish  one  from  another  if  only 
a  small  range  of  concentrations  is  studied.  Recent 
work  by  Lang  et  al.  on  Ga^jAljAs  (Ref.  3)  does 
confirm  that  the  changes  in  trap  energies  with  con¬ 
centration  x  may  indeed  be  small  compared  to  the 
magnitude  of  the  change  of  the  direct  gap.  How¬ 
ever,  they  also  found  that  some  levels  of  different 
depth  exhibited  a  very  similar  change  with  alloy 
concentration. 

In  our  calculation,  we  represent  the  crystal  po¬ 
tential  by  an  average  potential  obtained  from  a  lin¬ 
ear  interpolation  procedure.  The  samples  used  in 
the  present  experiment  do  not  show  any  bowing  in 
the  band  gap  versus  indium  fraction  variation.  It 
has  been  pointed  out”  that  in  a  high-quality 
Ga^In^As  alloy,  the  bowing  should  indeed  be  neg¬ 
ligible.  The  observed  direct  gap  agrees  well  with 
the  values  calculated  with  our  simple  virtual- crys¬ 
tal  model.  Although  this  does  not  necessarily 
mean  that  there  is  no  local  disorder  in  the  impurity 
cell,  our  calculations  ignore  any  such  correction. 

It  the  center  is  really  the  simple  oxygen  donor  then 
such  a  correction  should  not  be  very  important. 

Our  studies21  on  the  substitutional  single  donor 
oxygen  In  GaP  certainly  indicated  that  the  ground 
state  is  s-like  and  insensitive  to  small  asymmetric 
lields.  An  axial  complex,  on  the  other  hand,  may 
respond  sharply2*1  to  small  changes  in  the  local  en¬ 
vironment  which  may  be  a  function  of  the  concen¬ 
tration  v.  Since  several  of  the  deep  traps  observed 
bv  Lang  et  at.3  do  not  follow  the  trend  predicted  by 
our  calculation  for  a  symmetric  center,  our  re¬ 
sult  might  be  taken  as  an  indication  that  those  cen¬ 
ters  are  of  lower  symmetry. 

As  concerns  our  trap  A.  the  observed  variation 
in  the  impurity  energy  £  ^£(.v)  with  respect  to  the 
valence  band,  is  too  fast  to  be  consistent  with  our 
simple  model  (i.e..  substitutional  single  donor 
oxygen),  as  can  be  seen  from  Figs.  1 1  and  12. 

/ 

C  Discussion  of  (hr  phoiuionization  data 

The  photoionization  spectrum  of  O- doped  GaAs 
was  shown  in  Fig.  1.  and  in  Sec.  II  above,  we 
argued  that  only  the  threshold  in  the  middle  of  the 
gap.  i.e. ,  electron  trap  A,  should  be  related  to 
oxygen,  the  upturn  above  l  eV  being  rnainiy  a  con¬ 
tribution  Irom  another  level,  with  possibly  some 
contribution  due  to  the  rise  in  the  density  of  states 
:n  the  r  >As  conduction  band27  (Ktg.  14).  It  is  un¬ 
fortunate  that  i  he  presence  of  the  second  level 
r.asks  tins  Iasi  contntxition.  since  the  exact 


FIG.  14.  Rough  graph  Indicating  the  density  of  states 
near  the  bottom  of  the  conduction  band  of  GaAs. 

knowledge  of  this  part  of  the  "oxygen”  spectrum 
would  greatly  help  the  comparison  with  theory. 

At  this  point  a  comment  on  the  problem  of  inter¬ 
pretation  of  this  kind  of  data  may  be  in  order.  It 
Is  remarkable  that  in  spite  of  great  importance 
generally  attached  to  experimental  information 
concerning  optical  cross  sections  for  deep  levels, 
the  theoretical  aspects  of  the  problem  have  been 
largely  neglected.  Nevertheless,  it  has  been 
shown2''  that  simple  extensions28  of  the  well-known 
effective- mass  theory  do  not  apply  in  many  cases. 
The  experimental  work  of  White  et  al.™  confirms 
these  theoretical  considerations.  In  brief,  there 
are  at  least  three  important  points  that  must  be 
taken  into  consideration: 

(i)  The  wave  function  spreads  over  a  large  area 
in  the  wave- vector  space  and  the  optical  matrix 
elements  are  significantly  altered,  if  this  fact  is 
taken  into  account. 

(ii)  The  details  of  such  a  process  are  particular¬ 
ly  important  in  direct- gap  materials  where  not 
only  the  position  of  the  maximum  of  the  frequency- 
dependent  cross  section,  but  also  its  shape  near 
the  threshold  are  affected.27  Because  of  the  low 
density  of  states  at  the  conduction-band  edge,  the 
true  threshold  of  the  cross  section  associated  with 
a  particular  level  may  be  obscured  by  a  combina¬ 
tion  of  the  above-mentioned  effects  and  tempera¬ 
ture-dependent  phonon  broadening. 

(iii)  Finally,  one  may  expect  a  Franck- Condon 
shift  of  the  order  of  0.1  eV. 

Our  calculations  showed  that  oxygen  donor  In 
GaAs  is  basically  of  similar  nature  as  that  In  GaP. 
It  is  borne  in  mind  that  if  such  a  center  really 
exists,  then  it  is  capable  of  binding  two  electrons 
as  well  as  its  anatog  as  in  Gap.21  We  did  not  carry 
out  a  full-  length  analysis  of  the  two- electron  prob¬ 
lem  in  GaAs,  as  we  had  done  for  Gap,  and  are  not 
able  to  offer  a  numerical  result  lor  the  Franck- 
Condon  shift  and  the  equilibrium  energy  of  the  two^ 
electron  state.  However,  as  far  as  calculations 
are  concerned,  the  degree  of  similarity  between  ^ 
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GaPtO  and  GaAs:0  is  so  great  that  a  rough  predic¬ 
tion  can  be  made  without  going  through  the  tedious 
and  imperfect  process  of  the  numerical  procedure. 
Thus  for  GaAs:0  we  might  expect  Ej~  0.6  and 

1.0  eV  {E°,  end  El,  are  energies  per  electron  In 
the  two- electron  state  before  and  after  the  lattice 
relaxation  takes  place,  respectively).  The  pres¬ 
ence  of  a  two- electron  state  may  affect  the  ob¬ 
served  optical  spectra  and  It  would  be  worth  in¬ 
vestigating  whether  the  above  mentioned  two- elec¬ 
tron  state  exists  in  GaI.IIn^As. 

D.  Discussion  of  the  electron-capture  crow  sections 
inGa,  jIBjA* 

In  Sec.  m,  we  described  our  results  concerning 
the  electron- capture  cross  sections  and  their  tem¬ 
perature  dependence  in  Ga^In^s.  The  main  fea¬ 
tures  of  the  temperature  dependence  of  the  cross 
section  can  be  understood10  with  the  help  of  a  sim¬ 
ple  diagram  in  Fig.  15.  The  temperature  depen¬ 
dence  is  dominated  by  an  exponential  factor 
exp(-EB/kT).  In  GaAs,  Ea  for  the  level  A  is  80 
meV.  The  exponential  dependence  is  clearly  seen 
In  both  Lang’s  and  our  data.  In  the  alloy,  the  ex¬ 
ponential  behavior  persists  over  a  similar  range 
of  temperatures  (Fig.  10).  However,  the  barrier 
energy  EB  changes  when  x  is  larger  than  0.10. 
Hence,  there  are  two  Important  questions  to  ask: 

(i)  How  do  we  explain  this  variation  of  Eav  hr? 
(il)  Is  it  consistent  with  our  hypothesis  ab  the 
origin  of  the  trap?  However,  the  very  fact  that 
this  capture  mechanism  is  so  Important  in  Ga,.*- 
In,A8  raises  a  question.  The  properties  of  the  sin¬ 
gle  donor  oxygen  in  GaP  have  been  studied  experi¬ 
mentally  by  many  authors.  Yet  we  do  not  know  of 
any  report  suggesting  that  the  nonradlative  capture 
mechanism— which  is  characterized  by  the  expo¬ 
nential  temperature  dependence— is  important  for 
GaP:0.  Only  when  a  second  electron  is  captured 
at  that  center  do  we  observe  the  above-mentioned 
behavior.  Why  should  a  single  donor  oxygen  in 
GaAs  be  so  different  from  that  in  GaP?  The  im¬ 
purity  potentials,  the  wave  functions,  and  the  acti- 


FfG.  15.  Configuration  coordinate  diagram  Illustrating 
a  captu-c  proeess  of  a  carrier  from  the  conduction  band 
Into  a  deep  level  of  energy  E,.  S  is  the  Franck -Condon 
shift  expressed  in  units  of  lattice  vibration. 
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vation  energies  art  very  similar.  The  symmetry 
is  the  same  In  both  cases.  In  brief,  we  can  see  no 
simple  reason  why  s  single  donor  oxygen  in  GaAs 
should  exhibit  the  observed  capture  cross  section. 
Of  course,  in  the  absence  of  s  truly  quantitative 
description  of  the  nonradlative  capture  mechanism 
which  would  relate  the  values  of  EB  to  the  band- 
structure  and  impurity  parameters,  no  definite 
conclusion  can  be  made  about  the  plausibility  of 
our  hypothesis.  We  feel,  however,  that  the  above 
contradiction  perhaps  gives  the  strongest  hint  that 
the  trap  A  is  of  more  complex  nature. 

Clearly  the  variation  of  E t  with  x  can  only  be 
explained  in  terms  of  the  simple  model  pictured 
in  Fig.  15  if  we  assume  that  the  force  constants  in 
the  impurity  cell  change  with  x.  In  view  of  the 
magnitude  of  the  change  In  Et,  such  a  correction 
might  be  significant  enough  to  affect  the  impurity 
energy  not  only  via  the  band  structure,  but  also 
via  the  impurity  potential  Itself.  It  would  also  be 
interesting  to  know  whether  the  results  obtained 
in  this  study  are  peculiar  to  trap  “A"  or  whether 
the  barrier  changes  in  a  similar  way  for  other 
deep  traps,  since  it  may  well  be  that  Et  is  very 
sensitive  to  a  small  change  in  the  force  constants. 
The  change  In  E„  with  x— If  Et  is  indeed  due  to  the 
same  trap  for  all  concentrations— amplifies  our 
earlier  conclusion  that  the  trap  A  may  possess 
lower  symmetry. 


V.  SUMMARY 

Transient-capacitance  spectroscopy  was  applied 
to  the  study  of  the  main  electron  trap  A  in  vapor- 
phase  epitaxial  Ga^n^As  alloys  with  0<x<0.21. 
Emission  rate  versus  temperature  and  electron- 
capture  cross  section  versus  temperature  data 
were  obtained  as  a  function  of  x.  From  these  re¬ 
sults,  the  ionization  energy  Ee-  E,  was  determined 
as  a  function  of  x. 

The  experimental  evidence  relating  this  electron 
trap  to  the  presence  of  oxygen  was  discussed,  and 
new  photoconductivity  data  taken  directly  on  GaAs 
vapor-phase  epitaxial  layers  with  the  substrate 
removed  were  presented  to  show  the  identity  be¬ 
tween  this  trap  and  the  deep  level  observed  In  oxy¬ 
gen-doped  bulk-grown  material. 

Theoretical  calculations  using  the  pseudopotential 
method  were  performed  concerning  the  energy  lev¬ 
el  of  oxygen,  substitutional  on  As  site,  In  GalnAs 
alloys.  Due  to  a  combination  of  contributions  from 
the  T  and  the  L  (or  X)  minima  in  the  conduction 
band,  which  vary  In  a  different  way  as  a  function 
of  x,  the  deep  level  tends  to  remain  at  a  more  or 
less  constant  energy  difference  with  respect  to 
Ev.  This  conclusion  is  not  in  good  quantitative 
agreement  with  the  experimental  results.  How- 
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•vsr,  this  argument  alone  do«i  not  allow  to  rojoet 
the  hypothesis  that  tho  trap  A  ta  duo  to  substltu- 
tional  donor  oxygon. 

Tho  experimental  oloetr on- capture  croea  sec¬ 
tions  in  OalnAa  show  an  exponential  variation  with 
inverse  temperature,  typical  lor  the  multiphonon 
emission  capture  mechanism.  The  cross  sections 
decrease  In  magnitude  as  x  Increases,  at  least  up 
to  »«0.18,  and  a  variation  of  the  activation  ener¬ 
gy  ff,  la  also  observed  above  *■  0, 10.  These  rath- 
er  remarkable  results  are  discussed  from  the  the¬ 
oretical  point  of  view;  it  Is  pointed  out  that,  at 
leant  at  the  present  state  of  knowledge,  the  multi- 
phonon  emission  mechanism  should  not  apply  to 
single  donor  oxygen.  Moreover,  since  the  »- like 
wave  function  associated  with  the  ground  state  of 
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this  defect  should  not  be  sensitive  to  email  chaapos 
In  the  local  environment  due  to  alloy  lag,  the  acti¬ 
vation  energy  should  not  vary  with  composition  se 
observed  In  our  experiments.  Therefore,  we  must 
conclude  that  the  existing  experimental  evidence 
concerning  this  trap  does  not  support  the  hypothec 
sis  that  the  trap  Is  substitutional  single  donor 
oxygen. 
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Optical  modulation  study  of  proton- bombarded  GaAs+ 

Moshe  OrenJ,  A  R  Quinton  and  Claude  M  Penchma 

Department  of  Physics  end  Astronomy,  Lni'ersitj  ol  Massachusetts,  Amherst, 
Massachusetts  01002.  USA 

Transverse  electrorefleetance  (i  r),  transverse  electroabsorption  (fa),  and  transmittance 
(  l )  measurements  were  used  to  study  the  effect  of  proton  bombardment  on  semi- 
uisulating.  C'r-doped  bulk  single-crystal  GaAs.  The  samples  were  bombarded  with 
1 50  KeV  protons,  and  water  cooled  durtng  bombardment.  Measurements  were  made  at 
liquid-nitrogen  temperature.  The  main  experimental  results  are  summari?ed  as  follows. 

.■Ml  signals  decrease  with  increasing  proton  dose,  including  kk.  fa  and  r  near  the 
fundamental  absorption  edge  Fn.  as  well  as  y r  at  the  /•',  critical  point.  Of  these,  i  r  at 
the  critical  point  decreases  most  rapidly;  the  decrease  is  nearly  linear  in  the  logarithm 
of  the  proton  dose  between  10|J  and  I0'"protons  cm:,  with  the  signal  falling  below  the 
detection  limit  ( AR/R  •>  10"'’)  for  doses  above  2-5  >  I  O'*  protons  cm3. 

The  optical  absorption  coefficient  near  increases  suMinearly  with  dt>se.  levelling 
off  tor  doses  abs've  10l”proionvc)vi\ 

Broadening  is  evident  for  i  k  at  /.0  and  but  not  sufficient  to  account  tor  the 
decrease  in  peak-io-poah  signal  strength.  The  <  \  sigux’  decreases  least  in  amplitude,  and 
develops  a  tail  on  the  low-energy  side 

I  Supported  in  part  by  the  National  Science  I  ou  rotation,  tin  Or  rice  of  Nava!  Research,  am)  a 
I  acuity  Research  Grant  from  the  Iniversin  of  M.iss.uI>um.ck 
!  Present  address:  Simulation  I’hvsies  Ine.  Patriots  I’.uV  IVO  Ho\  D.  Bedford. 

Massachusetts  nj  7 TO .  USA 
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All  electromodulation  spectra  shin  in  energy  as  a  result  of  bombardment.  At  a  dose 
<>(  *  >  It)1  protons  cm*',  the  i-  \  and  i  r  lines  at  /y.shi't  to  higher  energies  by  about 
•1  rneV'.  while  the  main  i  i<  peak  at  /  on  the  other  hand,  shifts  about  1  5  meV  to  Iowa 
energy 

Annealing  at  TOO  'C  for  up  to  7  h  only  partially  recovers  the  unbombarded  spectra 
Tile  recovery  rate  decreases  with  Jtmcalmp  lime. 

The  i  R  and  I  \  spectral  lines  are  associated  wilh  critical  points  in  the  band  stiuctupe 
which  in  turn  are  a  manifestation  of  the  lone  range  order  in  the  crystal.  The  decrease 
ot  electromodutation  signals  upon  successive  bombardment  would  therefore  indicate  a 
decrease  in  the  long-range  order  until  total  amoiphi/alion  is  achieved,  when  the  i;k  awl 
fa  signals  completely  vanish  at  a  dose  of  about  I0'7proions/em3.  Tlie  tail  in  the  fa 
spectrum  caused  by  bombardment  suggests  the  creation  ol  a  tail  in  the  mint  density  ot 
stales  ol  the  conduction  and  valence  bands 


Effect  of  Proton  Damage  on  Optical  Modulation  Spectra 

of  Gallium  Arsenide 

Moshe  Oran,1  A .  R.  Quinton,  and  Cloud*  M.  Penchina 

Department  of  Physics  and  Artronomy,  University  of  Massachusetts,  Amherst,  Massachusetts  01003 


ABSTRACT 

We  studied  the  effect  o  1  proton  bombardment  on  the  electroreflectance 
(EH),  electroabsorption  (EA),  and  transmission  (T)  spectra  of  high  re¬ 
sistivity  Cr-doped  single  crystal  GaAs.  The  high  resolution  of  ER  and  EA 
and  their  sensitivity  to  crystalline  order  make  it  possible  to  study  shift, 
broadening,  and  gradual  distortion  of  the  spectral  peaks  as  disorder  in¬ 
creases  with  successive  irradiations.  The  sample  is  bombarded  with  150  keV 
protons.  We  have  measured  ER  and  EA  at  the  absorption  edge  Eo,  ER  at 
the  Ei  critical  point,  and  d-c  optical  absorption.  All  these  measurements  are 
sensitive  to  proton  irradiation  of  the  sample;  the  most  sensitive  one  is 
ER  at  E„.  In  the  range  of  3  x  10M  to  5  X  10li  protons/cm1,  optical  absorption 
just  below  the  energy  gap  increases  sublinearly  with  proton  dose;  the  peak- 


the  dose  and  hence  can  be  used  to  measure  the  degree  of  damage  in  the  sam¬ 
ple.  The  EA  signal  at  £0  develops  a  tail  toward  the  low  energy  side  of  the 
spectrum.  The  ER  at  £„  has  a  peak  shift  of  ~4  meV  to  higher  energy  while 
the  peak  of  the  ER  signal  at  Ei  shifts  by  about  15  meV  to  lower  energy. 
Broadening  is  evident  in  the  ER  signals  at  E0  and  Ei.  Annealing  at  300'C  for 
up  to  2  hr  only  partially  recovers  toe  unbombarded  state.  A  model  based  on 
the  gradual  amorphization  of  toe  sample  by  an  increasing  number  of  pro¬ 
ton  damaged,  amorphous  islands  with  well-defined  boundaries  can  partially 
explain  the  experimental  results. 


Lattice  damage  in  single  crystals  plays  a  major  role 
in  device  applications.  Lattice  damage  caused  by  ion 
implantation  received  special  attention  in  recent  years 
following  the  introduction  of  ion  implantation  as  a 
method  for  doping  semiconductor  materials.  There  are 
several  experimental  techniques  that  can  be  applied 
to  study  radiation  damage  in  semiconductors,  among 
others:  optical  (1),  electrical  (2),  Rutherford  back 
scattering  (3),  and  electron  paramagnetic  resonance 
(4). 

The  optical  absorption  and  reflection  of  GaAs  were 
found  to  be  sensitive  to  ion  bombardment  damage  but 
the  sensitivity  of  such  measurements  (reflectivity  in 
particular)  is  low,  and  quantitative  results  are  difficult 
to  obtain. 

In  the  present  work  we  use  electromodulation  (EM) 
spectroscopy  to  study  the  effect  of  proton  bombard¬ 
ment  on  single  crystal,  semi-insulating  GaAs.  In  elec- 
tromodulation  one  measures  the  change  in  reflectance 
UR)  or  transmittance  UT)  when  an  external  electric 
field  is  applied  to  the  sample  (5).  The  EM  response  is 
spectrally  concentrated  around  the  critical  points  in 
the  band  structure.  A  phase  sensitive  detection  system 
tuned  to  the  frequency  and  phase  of  toe  external  field 
greatly  enhances  the  sensitivity  of  the  measurement 
to  critical  points  in  the  spectrum.  These  critical  points 
are  a  manifestation  of  the  long  range  order  in  the  crys¬ 
tal;  a  change  in  the  EM  signal  on  successive  bomba  rd- 

.  1  Prawn*  >ddr«M:  Spirt  Corporation,  Bedford,  MMUchuastt* 
fl  730. 

Kty  word*  oloetroroflpctaan,  oMctroaboorptlon,  OUtCr,  amor, 
phout  GaAs,  ton  implantation. 


ment  would  indicate,  therefore,  the  gradual  relaxation 
in  this  long  range  order.  This  relation  allows  a  seml- 
quantitative  measure  of  lattice  damage  to  be  made. 

EM  has  been  applied  to  date  primarily  to  problems 
of  intrinsic  band-structure  analysis  (5),  but  as  a  pow¬ 
erful  spectroscopic  method  it  is  now  finding  new  areas 
of  applications.  Jonath  et  al.,  (6)  studied  electroabaorp- 
tion  (EA)  of  oxygen  impurities  in  GaAs.  Bauer  (7) 
used  EA  to  study  the  symmetry  properties  of  defect 
states  in  nitrogen-doped  GaP  and  their  interaction 
with  the  host  band  structure.  Gavrilenko  et  al.  studied 
the  influence  of  low  energy  argon  ion  bombardment 
on  toe  electroreflectance  (ER)  and  photoluminescence 
spectra  of  n-type  Al,Gai-xAs  solid  solution  (8)  and 
Si  (8).  Anderson  et  a(.  (10)  used  ER  to  detect  shallow 
impurity  levels  in  GaAs  doped  with  Si.  Te,  Zn,  or  Cd 
impurities.  A  disadvantage  of  this  method  is  that  dif¬ 
ferent  types  of  lattice  damage  cannot  be  distinguished. 

Experimental 

High  resistivity,  n-type  GaAs:Cr  single  crystal  was 
used  in  this  experiment.  The  sample  had  —10*  a -cm 
room  temperature  resistivity.  For  radiation  damage 
experiments  it  is  preferable  to  have  toe  sample  front 
surface  free  of  any  evaporated  electrode  or  insulating 
layer.  For  that  reason,  the  sample  geometry  used  in  the 
ER  and  to*  BA  measurements  is  based  on  the  tram- 
verse  configuration  ( 11).  Slices  were  cut  from  the  QaAs 
crystal,  lapped,  polished  with  0.8*  alumina  powder, 
and  then  etch  polished  with  Monsanto  Syton  solution. 
For  contacts,  two  Au  films  were  evaporated  on  the 
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polished  Mmpl*  surface  forming  a  gap  1  mm  wide  (see 
Insert  In  Fig.  1).  The  current  voltage  characteristic* 
up  to  900V  thow  good  ohmic  behavior.  The  light  beam 
was  Incident  in  the  [ill]  crystal  direction.  The  magni¬ 
tude  of  the  SR  signal  is  a  function  of  surface  potential 
Therefore,  it  varies  from  sample  to  sample  due  to  alight 
changes  in  surface  preparation,  which  may  alter  con¬ 
siderably  the  surface  potential.  To  avoid  this  complex¬ 
ity,  only  half  of  the  gap  between  the  field  electrodes 
was  bombarded  and  the  other  half  was  used  as  a  ref¬ 
erence  for  all  successive  measurements.  The  gap  height 
is  more  than  twice  the  height  of  the  incident  light  baam 
in  order  that  the  light  will  not  overlap  the  bombarded 
and  nonbombarded  regions. 

The  system  used  for  the  ER  and  EA  measurement  it 
shown  in  Fig.  1.  It  includes  the  following  components: 

2  SOW  tungsten  halogen  lamp,  monochromator,  optics, 
dewars,  and  detectors.  A11  measurements  were  made  at 
LNi  temperature.  Two  photomultipliers  (PM)  were 
permanently  mounted  in  the  sample  chamber,  1P28 
PM  to  measure  ER  at  E ,  critical  point  and  7102  PM 
for  ER  at  the  E,  critical  point.  A  removable  front  sur¬ 
face  aluminum  mirror  directs  the  reflected  beam 
into  the  PM  in  use.  A  PbS  detector  was  used  for  the 
EA  and  transm  ssion  measurements.  The  two  PMs 
were  wired  such  that  higher  voltage  was  Impressed 
between  the  last  dynode  and  the  anode  than  on  the 
intermediate  stage  of  the  voltage  divider.  This  allows 
greater  linear  swing  of  the  anode  voltage,  which  Is 
desirable  when  a  small  a-c  signal,  superimposed  on  a 
large  d-c  signal,  is  to  be  measured.  The  voltage  ap¬ 
plied  to  the  sample  was  1  kHz,  2000V  peak-to-peek 
sine  wave  superimposed  on  1000V  d-c.  For  the  SR 
measurement  a  d-c  photon  flux  was  used,  a  lock-in 
amplifier  measured  the  a-c  signal  (l„  ■  SR)  and  an 
electrometer  measured  the  d-c  reflection  (/•'£).  For 
the  transmission  (T)  and  EA  measurements  the  inci¬ 
dent  light  beam  was  chopped  at  147  Hz;  two  lock-in 
amplifiers  tuned  at  1  kHz  and  147  Hz  measured  the  AT 
and  T  signal,  respectively. 

Sample  bombardment  was  done  with  a  190  keV  pro¬ 
ton  beam.  The  sample  was  mounted  on  a  water-cooled 
holder.  An  in-line  cold  trap  was  used  to  remove  oil 
vapor  that  may  otherwise  be  carried  along  with  the 
proton  beam  to  contaminate  the  sample  surface.  In 
addition  when  a  high  dose  was  used  (  2  9  X  101* 
p/cm*),  a  thin  carbon  film  ( ...  20  *m)  was  inserted  in 
front  of  the  sample,  to  further  prevent  possible  oil 
contamination. 

Isothermal  annealing  of  the  sample  was  done  at 
300 "C  in  an  oil-free  vacuum  system  (—9  x.  10~T  Tore). 
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Results 

Transmission. — The  sample  transmission  in  the  range 
of  the  fundamental  absorption  edge  was  measured  at 
LNj  temperature  for  various  bombardment  dose*.  In 
order  to  determine  more  conveniently  the  effect  of 
proton  damage  on  the  sample  transmission,  the  ratio 
of  the  transmitted  intensity  from  the  bombarded  (Tt>) 


W  I  ip-' 


R*.  I.  Oftksl  witm  luf  fw  Hm  U  sad  U 


T„  =  (1  -R)»exp<-, 


Tb  =  (1  —  R')  (1  —  R)  exp<—  —  <%d*)  [2] 


os  can  be  related  to  the  number,  N,  of  the  optically 
active  defects  produced  in  the  bombarded  layer  (It) 


<»b  =  Nr b 


where  n  is  the  cross  section  for  optical  absorption  by 
these  defects.  The  best  straight  line  fit  to  the  date  Is 
the  log-log  plot  of  Fig.  2  (insert)  provides  the  relation 


To/Tb  =  ye» 


with  In  7  =  —16.9  and  p  =  0.48.  Therefore,  from  Eq. 
[8],  [Se],  and  [4] 


db  Sat.  —  dbOb  =  In  7  +  fi  In  * 


The  production  rate  of  defects  is  sublinear  in  dose.  This 
is  due  to  damaged  regions  overlapping  and  poaaible 
'room  temperature  annealing  (14, 19). 

If  we  approximate  the  damaged  layer  thickness,  da, 
by  the  projected  range  (16)  (~  1.9*)  of  the  proton 
beam,  the  wavelength  dependence  of  the  added  ab- 
sorption  due  to  bombardment  can  be  expressed  using 
Eq.  [3],  Such  a  graph  is  presented  In  Fig.  2.  The  fea¬ 
tureless  increase  in  absorption  indicates  that  the  bom¬ 
bardment  generates  a  continuous  distribution  of  en¬ 
ergy  levels  right  below  the  bandgap  with  no  evidence 
of  discrete  levels  in  this  range.  Raima  (12)  studied 
electron  irradiated  GaAs,  Si,  Ge,  InSb,  and  PbTe  and 
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and  aonbombarded  (T.)  region a  was  determined  at 
one  wavelength.  Such  a  graph  is  shewn  in  Fig.  X  (In¬ 
sert).  Taking  into  account  reflection  leasee,  R,  tram 
the  sample  front  and  back  surface*,  one  can  write 


oo  and  <4  are  the  sample  absorption  coefficient  and 
thickness,  respectively  (multiple  Internal  reflactiona 
are  neglected).  The  transmission  through  the  bom¬ 
barded  region  is 


where  R'  it  the  reflectivity  coefficient  from  the  front 
surface  of  the  bombarded  region,  •»  i*  the  average 
value  of  the  change  in  absorption  coefficient  over  the 
bombarded  layer  thickness  db.  Measurement  of  7.-R 
(when  R  is  the  reflectivity  and  /,,  is  the  incident  inten¬ 
sity)  in  the  vicinity  of  the  absorption  edge  show*  e 
change  of  less  than  5%  due  to  proton  bombardment. 
Similarly,  Raima  (12)  found  no  change  in  reflectivity 
in  the  vicinity  of  the  absorption  edge  of  GaAs  follow¬ 
ing  a  1  MeV  electron  irradiation;  Sell  and  Madtoe 
(lb),  found  a  change  of  —  3%  in  reflectivity  at  2.9  eV 
in  argon-implanted  GaAs.  We  assume  therefore  R  «•  R*. 
Then 

ln(T^Tb)  =  «bdb  t*l 
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suggerted  that  incraaaad  absorption  aaar  (he  beadodga*''' 
observed  in  GaAa  can  be  attributed  to  tailing  of  the 
density  of  atatee  into  the  bandgap.  Note  that  the  range' 
of  oa  («■  10*  cm-1)  ia  about  two  orders  of  magnitude' 
higher  than  the  absorption  coefficient  observed  in  neu¬ 
tron  damaged  GaAa  (17). 

Theoretical  Model 

A  simple  picture  of  gradual  amorphication  of  the 
sample  by  the  incident  radiation  was  used  by  a  num¬ 
ber  of  workers  <3, 18)  to  describe  the  process  In  which 
long-range  order  in  the  bombarded  layer  is  destroyed. 

In  such  a  picture  each  incident  proton  produces  a 
highly  disordered  region  along  its  track  in  the  sample. 
Assuming  these  regions  have  well-defined  boundaries, 
at  low  dose  they  are  separated  from  each  other  except 
for  random  overlapping.  As  the  dose  increases  the 
overlapping  increases  until  a  completely  amorphous 
layer  is  formed.  The  added  absorption  coefficient  in 
this  picture  will  be  due  to  the  introduction  of 
amorphous  islands  with  higher  absorption 

**  =  —  («•  —  «o)  [8] 

where  A  is  the  area  of  the  amorphous  regions,  A«  is 
the  total  sample  area  exposed  to  the  beam,  and  sub¬ 
scripts  a,  b,  and  c  correspond  to  amorphous,  bom¬ 
barded,  and  crystalline,  respectively. 

Based  on  this  description  we  can  define  a  quantity 
#(V)  which  is  the  cross  section  for  added  amorphiza- 
tion  per  proton  which  hits  a  previously  undamaged 
area.  The  probability  that  an  additional  incident  proton 
will  not  hit  the  amorphous  region  A  is  1  —  (A/ Ac). 

In  terms  of  this  cross  section,  the  change  in  A  per 
incident  proton,  dA/dP  will  be  therefore 

“  *  “  (x*),*,  m 

dP  Ae  d+  \  Ac ' 

and  after  integration 

l--£.  =  exp[-  /»(*)  d*]  [7eJ 

A* 

Using  Eq.  [6]  and  [7a] 

exp[-  /#(#>  dy]  =  1  -  ~  =  1 - 2—  [8] 

A0  ««  —  <*« 

Using  the  experimental  data  for  <**,  as  expressed  In  Eq. 
[S]  and  taking  the  logarithmic  derivative  of  Eq.  [8], 
we  get 

«T*(V)  =  —  1*1 

e(Kt-lny) 

with 

d(«»  —  it)  1  , 

K,  = - - - —  lay  [10] 

P  P 

For  hr  as  1.42  eV,  »,H  »  cc,  thus  a*  approximated  by 

«b  at  high  dose  (where  A  -»  Ac) 

a.  ( 1.42  eV)  m  at  (1.42  eV,  *  =  2.4  x  10»  p/c m») 

=  1.24  x  10«cm-‘  III} 


AiW  . 


this  gives 


Xt  =  38.9 


This  same  picture  will  be  applied  for  the  ER  date,  and 
the  result  compared  with  the  results  above. 

ER  at  B ,  and  £i  Critical  Point* 

Figure  3  shows  the  ER  at  the  abeorption  edge  X» 
and  Fig.  4  shows  the  ER  response  at  the  £t  critical 
point.  The  most  obvious  feature  of  the  bombarded 
spectrum  is  the  reduction  in  signal  intensity  in  both 
cases  compared  to  the  unbombarded  spectrum 
better  evaluate  this  effect,  the  peak-to-peak  amptitsKfo 
(PPA),  Sb.  of  the  bombarded  region,  normalised  to  tib* 
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PPA  from  the  non  bombarded  region,  a*  is  plotted  ns. 
dose  in  Fig.  8  for  both  £«  and  Si  critical  points. 

It  is  apparent  that  the  attenuation  of  a  for  a  given 
.  dose  ia  larger  at  ft  than  at  Et.  This  ean  be  explained 
qualitatively  tar  the  higher  penetration  depth  of  the 
light  beam  at  X*.  At  the  bandgap  transition,  the  pene¬ 
tration  depth  of  the  light  is  of  the  same  order  as  that 
•'v«of  the  proton  beam  range,  ~  1.8a  (19),  wham  the  in- 
.dneed  crystalline  damage  is  mostly  concentre  tad.  At 
,  Xi  transition  the  light  penetration  depth  is  only 
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Fig.  S.  Ftak-to-paok  amplitude  (FFA)  of  the  ER  at  li  and  f» 
normalized  to  the  PFA  from  the  not-bombarded  region. 


0.017>  (19).  The  ER  signal  at  £„  is  reduced  to  below 
the  detection  limit  («•«  10-®)  for  dose  £  2.4  X  10 l*. 
This  increased  sensitivity  of  ER  at  £0  to  irradiation 
damage  can  be  a  useful  tool  for  damage  detection.  The 
PPA  will  be  used  to  give  a  semi-quantitative  value 
for  the  amount  of  damage  introduced  into  the  sample, 
averaged  over  the  damaged  layer  thickness.  The  ER 
will  not  distinguish,  though,  between  the  various  types 
of  damage  in  the  sample.  It  is  of  interest  to  note  that 
the  linear  fits  of  Eq.  [3]  to  both  £„  and  £i  data  are 
parallel,  although  the  data  at  the  £■  critical  point  are 
more  scattered.  Between  2.5  x  10u  p/cm *  and  5  X  10*® 
p/cmJ  the  decrease  in  W-i „  for  E0  is  linear  in  the 
logarithm  of  the  dose  e 

=  a  In  (*/*„)  [U] 

with:  a  =  —0.16  and  In  =  38.9.  For  the  £t  critical 
point  we  get 

4b/.h0=:  o' In  (*/*„')  [13] 


Fij.  6.  Spectral  broadening  >1.  pretoe  doee  of  rtw  ER  ugeaf*  at 
f0  and  (u 


_ 1 

a(Ko  —  In  a) 

where  Xs  =  In  a,,. 

We  previously  found  (Eq.  [12])  that 
K.  =  In  p.  =  36.9 


[1«1 

[17] 


Thus,  from  electroreflectance  at  £«  at  a  doaa  of  P  s 
10’*  p/cm*  we  get  (Eq.  [12],  [16],  and  [17]) 


(P  sz  10**  p/cm*)  =  4  x  10->«  cm* 


with:  a  =  a'  =  —0.16,  In  p„'  =  38.0. 

Proton  bombardment  resulted  in  a  small  shift  of 
about  15  meV  toward  the  low  energy  in  the  ER  peak 
at  Ei,  and  4  meV  shift  toward  higher  energy  in  the 
ER  peak  at  £„.  A  contribution  to  the  shift  at  E,  may 
come  from  the  uneven  attenuation  of  the  ER  peak  due 
to  strong  variation  in  the  penetration  depth  of  the 
light  beam  near  the  absorption  edge  combined  with 
the  fact  that  the  damaged  layer  peaks  about  1.5a  be¬ 
low  the  surface. 

Gavrilenko  et  al.  (9)  found  that  bombardment  of  Si 
with  1  keV  He  *  ions  causes  a  shift  in  the  £i  ER  peak 
to  higher  energy;  1  keV  Ar  *  bombardment  of 
Al,Gai  ,As  solution  shifts  the  ER  peak  at  Ei  to  lower 
energy  (8).  Figure  8  shows  the  increased  broadening 
in  the  £,  and  £«,  ER  peaks  vs.  bombardment  dose. 
Here  too.  note  the  higher  values  obtained  for  £„  com¬ 
pared  to  Ei.  Various  sources  can  contribute  to  broad¬ 
ening  of  the  ER  signal,  among  others,  temperature  ef¬ 
fect,  local  random  electric  field,  and  microstress  due 
to  defects.  In  our  case  a  local  electric  field  can  be 
created  by  the  proton  doping  of  the  damaged  crystal. 

The  ER  signal  disappears  at  high  dose.  Based  on  the 
gradual  amorphization  model,  the  ER  peak-to-peak 
amplitude,  4b.  at  a  given  dose,  will  be  proportional  to 
the  area  fraction  which  is  still  in  the  crystalline  state 


w 


Thus  from  Eq.  [7a],  [12],  and  [14] 


•wl  -  /.<«>  M  =  1  -  —  =  4s-  “  •  *  - 

A.  (4, 


Similarly,  from  transmission  measurements,  at  this 
same  dose  we  get  (Eq.  [9]  and  [10a] 

*T*(e  =  10*®  p/cm*  —  2  x  10-«®cm* 


The  relatively  small  discrepancy  between  the  values 
obtained  for  *ER  and  ora  indicates  that  the  simple 
picture  used  to  describe  the  amorphization  process  is 
essentially  correct  in  the  first  approximation.  The  re«* 
suit  rtH  >  rr*  Is  to  be  expected  because  the  ER  it 
more  sensitive  to  bombardment;  partially  damaged  re¬ 
gions,  neglected  in  the  simple  model,  will  affect  the 
ER  more  than  the  transmission.  It  was  suggested  (30) 
that  such  partially  damaged  regions  are  caused  by  dif¬ 
fusion  of  defects  from  the  outer  portion  of  the  ion  track, 
into  the  undamaged  bulk. 


EA  of  the  Absorption  Edge  f. 

The  effect  of  proton  bombardment  on  the  band-to- 
band  electroabsorption  (EA),  aT/T,  of  the  sample  is 
shown  in  Fig.  7.  Just  below  the  bandgap,  AT /T  is  nega¬ 
tive,  corresponding  to  a  red  shift  of  the  absorption  edge 
on  application  of  the  electric  field  as  expected  from  the 
Fran*  Keldysh  theory  (5).  Due  to  the  high  value  of 
ad  (~  10**10®)  the  expected  (5)  oscillations  in  At/T 
above  the  bandgap,  have  not  been  obeervnd.  Such 
oscillations  have  been  seen  previously  by  workers 
studying  EA  In  thin  films  of  GaAs  (31). 

The  peak  In  the  aT/T  spectrum  around  1.4S  eV 
gradually  disappears  with  increasing  prolan  bombard¬ 
ment  dose;  AT  also  develops  a  tail  toward  the 
energy  aid*  which  is  also  seen  in  the  aT/T  i  ' 

below  1.45  eV.  This  newly  crested  tall  in  the  I  _ 

trum  suggests  the  creation  of  a  tail  in  the  Join*  dMMMf-' 
of  states  of  the  conduction  and  vaknee  bondezum' 

the  "aided  abmpte^c^^ad  of  th< 
layer. 


Taking  the  logarithmic  derivative  on  both  sides 


1.42  1.43  1.44  1.45  1.46  14? 

ftw(eV) 

Cl*.  7.  EA  *».  iota  at  bMiksrdad  s*d  not-bombordad  raflaoi  :< . 
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Annealing 

The  effect  of  heet-treetment  on  the  sample  tnuss- 
mlMion  in  the  vicinity  of  the  E0  critical  point  i«  shown 
In  Fig.  8. 

The  temple  wet  subjected  to  e  bombardment  does 
of  8.6  x  10“  p/cm*  (which  completely  eliminated  tte  •' 
IR  tignelt)  end  then  isothermally  annealed  in  vaetfbu- 
at  SOO'C  for  up  to  2  hr.  The  heat-treatment  oqW  9kt*  - 
tiaUy  recover  the  tranamittlon  (Fig.  8)  and 
nala  before  bombardment.  For  a  given  annealiag'tts 
the  recovery  of  the  ER  signal  it  mailer  thar  tbe^ 
covery  of  the  tranamiatlon;  thlt  It  in  sgreenvmi 
our  previous  finding  that  the  CR  at  f «  la  tnoeesL 
Uve  to  cryitailine  damage  than  the  Tnniinltgllfrj 


■  not  necitttrlly  indicate  that  < 
feet*  are  involved. 

Oyment  et  aL  (22)  ahowed  that  the  optical  atasorp. 
tk>n  of  proton  bombarded  OaAt  can  be  annealed  nett 
eaally  than  the  resistivity.  They  oottetaded  that  there 
mutt  be  at  leejt  two  type*  of  detoeta  involved  in  the 
bombardment  precast. 

Semmory  and  Cone  Meet 

All  electromodulation  tignala  decrease  in  intensity 
following  proton  bombardment  of  the  tempi*.  Due  to 
better  overlap  of  the  incident  light  and  the  dam¬ 
aged  region,  the  ER  at  £„  it  the  moet  sensitive  to  pro¬ 
ton  bombardment  The  added  absorption  just  below  the 
energy  gap  increase*  sublineerly  with  doae  in  the  dote 
interval  between  3  x  10“  and  8  x  I®1*  p/cro*.  In  the 
.  tame  dote  interval,  the  peek-to-peak  spectral  ampli¬ 
tude,  A,  of  the  ER  at  £0  and  £■  critical  point*  both 
vary  linearly  with  the  logarithm  of  the  doee  and  thus 
can  be  used  et  a  measure  for  the  degree  of  the  (ample 
amorphicity. 

The  EA  at  £s  develops  a  tall  toward  the  low  energy 
tide  of  the  spectrum.  The  ER  at  E,  fan  a  shift  of  -  4 
meV  to  higher  energy  while  the  peek  of  the  ER  signal 
at  Ei  shifts  by  —  15  meV  to  lower  energy.  The  origins 
of  these  shifts  are  not  yet  clear. 

Annealing  at  SOO'C  for  up  to  2  hr  only  partially  re¬ 
covers  the  unbombarded  state.  The  recovery  it  not 
linear  in  time. 

A  model  baaed  on  the  gradual  ampborixation  of  the 
sample  by  an  increasing  number  of  proton-damaged 
amorphous  islands  with  well-defined  boundaries  was 
considered.  The  change  in  absorption  coefficient,  as,  or 
the  change  in  the  ER  signal,  in  this  model,  appends  on 
the  volume  fraction,  A/A*  made  amorphous  by  the 
bombardment  Assuming  a  layer  of  average  thy-a-ww 
d*  to  be  damaged,  the  number  of  unit  cells  made 
amorphous  per  incident  proton  will  be 

R-dfc.^./a.s-db(i_  A),(#)/a,s  [lgj 

where  a.  Is  the  lattice  constant  for  GaAs  (5.85A) . 

Using  Eq.  [12]  and  [15J-[18],  we  find  from  the  £. 
ER  data 


N-- 


adb  1.8  x  10>Vcm» 

**•*  “  4 


which  corresponds  to  26  unit  cells  amorphixed  per  inci¬ 
dent  proton  for  *  =  5  x  10“  p/cm*.  Wempe  tt  eL  (3) 
found  that  in  a  300  keV  proton  bombardment  of  GaP 
a  similar  number  of  unit  cells  was  made  amorphous 
per  incident  proton:  Le.,  10  for  a  dose  of  10“  or  10“ 
protons/cm*.  The  ER  signal  at  S0  la  reduced  below  the 
detection  limit  (aR/R  ~  10"»)  at  *  —  2.5  x  10“  p/cm* 
while  the  ER  at  St  i*  reduced  to  that  level  only  at  a  — 
10“  p/cm*.  According  to  our  model  this  implies  that 
a  dose  of  about  10“  p/cm*  amorphises  the  sample 
throughout  the  damaged  layer  of  thlcknaas  ~  L5  «un, 
whereas  2.5  x  10“  p/t-m*  amorphisea  it  only  in  the  re¬ 
gion  near  1.8  *m  away  from  the  surface. 

The  electronic  band  structure  of  a  tetrahedrally 
bonded  amorphous  material  is  expected  to  have  tails 
in  the  density  of  states  which  extend  from  the  valence 
and  conduction  bands  into  the  bandgep  (23,  24).  The 
tail  in  the  EA  signal  at  £,  U  tentatively  attributed  to 
transitions  between  these  tails  of  the  density  of  states. 
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>  1 
INTRODUCTION 

.  f 

The  luminescence  of  chromium-doped  gallium  arsenide  was  found 
many  years  ago  (Allen  1968)  to  exhibit  a  broad  bright  band  in  the  near 
infrared.  However,  it  was  not  until  1976  that  a  0.84  eV  z6ro-phonon 
line  associated  with  this  band  was  first  reported  (Stocker  &  Schmidt 
1976,  Koschei,  Bishop  5.  KcCombe  1976).  This  zero-phonon  "line"  was 
soon  observed  to  have  fine  structure  (Lightowlers  &  Penchina  1978) 
which  has  since  been  resolved  into  a  multiplet  of  at  least  13  zero- 

pr.onon  lines;, 4  of  those  are  easily  visible  even  on  a  broad  scan  of 

this  luminescence  band  shown  in  Fig.  1.  Presumably  the  fine  structure 
was  not  observed  long  ago  because  of  either  poor  signal-to-noise  ratio 
or  inappropriate  choice  of  spectrometer  resolution. 

An  investigation  of  Cr-doped  semi-insulating  GaAs  from  various 
sources  has  revealed  the  presence  of  a  number  of  other  luminescence 
bands,  the  most  common  being  a  broad  band  around  2  pm  which  is  ge¬ 
nerally  present  in  materials  doped  with  oxygen  (Fig.  2).  In  crystal’s 

where  this  oxygen  related  band  is  weak  or  absent,  a  further  sharp  line 
system  was  observed  (Lightowlers  i  Penchina  1978)  around  0.57  eV  . 
(2.16  m)  as  shown  in  Fig.  3.  This  luminescence  band  was  first  reported 
uy  Kosc'ncl  et  al.  (1976)  who  failed  to  observe  the  fine  structure  of 
the  zero-phonon  multiplet.  We  have  observed  it  also  in  the  LPE  sample 
used  by  Stocker  s  Schmidt  (1976)  and  in  a  variety  of  bulk  samples.  lWe 
presume  this  band  accompanies  tiie  0.84  eV  band  in  all  samples,  but  ‘may 
be  bard  to  observe  due  to  problems  of  sipnal-to-nois  when  the.  oxygen 
related  band  is  strong. 
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Cathodoluminescence  spectrum 
of  the  0.80  eV  system,  un¬ 
corrected  for  the  transfer 
function  of  the  optical 
system,  obtained  from 
Sumitomo  SI  GaAstCr  with  a 
cold  finger  temperature* of 
4.8  K  and  a  beam  current  of 
2.0  jjA.  The  temperature  of 
the  emitting  region  was 
6.0-0. 5  K.  The  no-phonon 
structure  is  distorted  by 
the  slitwidth  of  the  moAo- 
chromator  and  system  rer 
sponse  time.  The  main  peak 
at  839.37  meV  has  a  height 
of  150  on  this  scale. 


Wo»*ltnglh  (nm  m  ou  ) 


Fig.  2.  Cathodoluminescence  spectrum  of  GaAsiCr  produced 
by  Crystal  Specialties  obtained  at  ~ 10  K,  un¬ 


corrected  for 
tical  system, 
to  be  related 


fig.  3. 

Cathodoluminescence  spectra 
of  the  no-phonon  structure 
at  0.575  eV  obtained  from 
Sumitomo  SI  GaAs:Cr  at  (a) 
7.7  K  and  (b)  21 .2  K.  The 
energy  level  scheme  in¬ 
ferred  from  the  temperature 
dependence  of  the  relative 
lino  strengths  is  shown  as 
an  insert. 


the  transfer  function  of  the  op- 
The  long  wavelength  band  is  thought 
to  the  presence  of  oxygen. 

Wavelength  (nm  in  air) 

2150  2160  2170 


wMiNescEf-CE:  imtensjtv 
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EXPERIMENTAL  ARRANGEMENT 

Luminescence  was  excited  by  an  electron  beam  of  50  keV  and  a 
typical  beam  current  of  3  pA.  The  beam  was  deflected  on  and  off  the 
sample  electronically  to  allow  lock-in  detection,  so  the  average  power 
was  about  75  mW.  The  arrangement  of  the  experiment  is- shown  schema¬ 
tically  in  Fig.  5.  The  cathoaoluminescence  scorns  to  be  more  effective 

than  photo- luminescence  ex¬ 
cited  by  visible  lasers; 
the  visible  light  is  ab¬ 
sorbed  so  close  to  the 
surface  that  it  excites. a 
region  of  lower  quality 
than  the  deeper  bulk,  and 
also  causes  some  local 
heating.  The  luminescence 
is  dispersed  through  a 
grating  spectrometer  and 
detected  with  a  cooled  j 
lead-sulphide  photoconduc¬ 
tor.  An  important  feature 
in  the  study  of  this 
spectrum  is  the  optimiza¬ 
tion  of  signal-to-noise. 
This  requires  that  the 
spectrometer  slits  be  made 
as  wide  as  possible  without 
degrading  the  resolution 
required  for  the  experiment. 
Since  the  spectral  lines  in 
this  region  are  already  1 
broad,  this  allowed  us  tio 
use  1mm  slitwidth,  permitting 
the  detection  of  features 
which  had  been  previously 

unobserved.  I 

I 

Fig.  5.  Experimental  arrangement  for 

cathodolumincsccnce  ' 


dP 

RESULTS  P*101 

Figure  -la  shows  much  interesting  structure,  of  which  we  shell1 
concentrate  on  these  five  features: 

I 

A)  A  triplet  of  zero-phonon  lines  around  575  meV.  j 

B>  A  largo  broad  background  signal  which  decreases  towards  longer 
wavelength.  ; 

C)  A  broad  system  of  sidebands  to  the  long  wavelength  side  of  ^ 
the  zero-phonon  lines. 

D)  A  sharp  sideband  shifted  40.7  meV  to  longer  wavelength  from 
the  zero-phonon  lines. 

E)  A  dip  in  the  luminescence  intensity  on  the  short  wavelength 
side  of  the  zero-phonon  lines. 

Feature  A,  the  zero-phonon  lines,  has  been  studied  to  higher  re¬ 
solution  (Lightowlcrs  &  Penchina  1978)  as  a  function  of  temperature, 
and  the  splittings  in  the  ground  state  and  excited  state  deduced  as 
shown  in  Fig.  3.  It  is  generally  thought  to  be  due  to  an  excitation  of 
0r3+  (ESR  notation  for  Cr  in  which  3  electrons  have  contributed  to  'the 
valence  bonding  in  the  crystal,  i.e.  neutral  chromium  when  substituting 
for  gallium) .  '  ; 

Feature  B,  the  broad  background,  is  due  largely  to  the  broad  2,  pm 
oxygen  related  luminescence  band  reported  by  Lightowlers  et  al.  in  f 
1978  (Lightowlers,  iienry  &  Tenchina  1978). 

Feature  C,  the  broad  sidebands,  looks  like  a  familiar  crystal  1 
phonon  replica  of  the  zero-phonon  luminescence.  It  seems  to  be  missing 
a  contribution  from  the  large  peak  in  the  phonon  density  of  states  due 
to  longitudinal  optical  phonons  (Johnson  1966). 

Feature  D,  is  a  sharp  replica  of  the  zero-phonon  lines,  which  ’was 
first  reported  to  be  a  local  phonon  replica  in  1378  (Lightowlers,  H^nry 
«.  Penchina  1978)  . 

Feature  E,  whicli  appears  to  be  some  sort  of  anti-resonance,  ha's 
not  been  previously  explained. 

In  the  remainder  of  tills  lecture,  wo  shall  concentrate  on  an  ex¬ 
planation  for  features  E  and  B,  and  for  features  C  and  D  which  will  ,be 
treated  together. 

Feature  E:  anti-resonance 

The  broad  speci :al  scan  (Fig.  4a)  of  the  luminescence  shows  quite 
clearly  a  rather  sharp  dip  in  the  luminescence  intensity,  just  to  the 
short  wavelength  side  of  the  zero-phonon  lines  near  575  meV.  One 
possible  explanation  which  first  came  to  mind  was  that  it  might  be  (due 
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to  self  absorption  of  the  oxygen  related  background  luminescence  (Fig. 2) 
by  a  Stokes  shifted  phonon  replica  of  the  zero-phonon  Cr  lines.  Because 
of  the  experimental  arrangement  used  (Fig.  5)  in  which  the  luminescence 
is  observed  in  the  backward  direction,  this  absorption  would  have  to 
occur  in  only  a  few  microns  (the  electron  penetration  depth)  for  the 
primary  luminescence  in  tr.e  back  direction,  or  in  a  total  of  twice  the 
sample  thickness  (about  0.4  mm  thick)  if  it  were  absorption  of  the 
forward  luminescence  reflected  back  by  the  indium  heat  sink.  In  either 
case,  this  strong  absorption  should  be  easily  detected  in  an  infrared 
absorption  measurement.  No  such  sharp  absorption  band  was  observed, 
thus  ruling  out  this  tentative  explanation. 

Another  explanation  is  suggested  by  the  relatively  large  width  of 
the  0.57  eV  zero-phonon  lines  (FWHM  about  1  meV)  compared  with  the 
width  of  the  0.84  eV  zero-phonon  lines  (FWHM  about  0.2  meV)  (Lightowlers 
s,  Penchina  1978)  at  liquid  helium  temperature.  This  additional  width 
is  in  spite  of  an  apparently  weaker  phonon  sideband  spectrum.  We  sug¬ 
gest  here  that  the  broadening  and  the  anti-resonant  dip  are  both  due 
to" a  degeneracy  in  energy  of  a  discrete  state  of  the  impurity  and  a 
continuum  state,  a  so-called  Fnno-resonance .  Fano  has  shown  (Fano  & 
Cooper  1968,  Velicky  &  Sak  1966)  that  when  a  "discrete”  state  is  de¬ 
generate  with  a  continuum,  the  interaction  broadens  the  discrete  level 
into  a  resonant  level,  with  interference  terms  causing  a  nearby  anti- 
-resonance  and  asymmetric  lineshape.  The  theory  predicts 


ff(E)  =orcont.(E> 


j2(q  ±  £)2 


+  (i  -  P‘) 


E-12 

6  =  resonance  , 

J.  p 

2  1  * 

Fitting  this  theoretical  expression  to  our  experimental  spectra  (Fig  4b) 
yields  a  linewidth  P=  0.83  meV,  which  is  much  larger  than  kT  (about 

0.3  moV  at  4.2°K),  a  resonance  lineshape  given  by  q  =  -4,  and  a  co- 

2 

horence  with  the  background  given  by  p  =0.37.  lie  fit  the  theory  only 
to  the  strongest  zero-phonon  line.  A  fit  to  all  three  lines  would 
require  some  additional  knowledge  of  their  coherence  with  each  other. 
The  relatively  nice  fit,  as  well  as  the  lack  of  other  plausible  ex¬ 
planation  for  the  l.ne  broadening  and  anti-resonance,  leads  us  to  con¬ 
clude  that  there  is  indeed  a  Fano  interference  between  a  discrete  level 
and  a  continuum. 
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Feature  B:  oxygon  related  background 


This  background  luminescence  band  is  illustrated  in  Fig.  2  for  a 
sample  of  chromium  doped  GaAs  from  Crystal  Specialties.  The  same  band 
is  much  brighter  in  thci,r  chromium/oxygen  doped  material,  and  is  the 
enly  important  feature  in  their  GaAs:0.  This  band  appears  also  in 
other ■ samples  of  GaAs  with  intentional  oxygen  doping  from  RSRE  and 
Sumitomo,  and  does  not  appear  in  an  undoped  GaAs  sample  from  NHL  grown 
in  boron  nitride  to  specifically  exclude  oxygen  contamination  (Swiggard 
at  al.  1977).  On  the  other  hand,-  we  have  studied  two  samples  with  in¬ 
tentional  oxygen  doping  which  do  not  show  this  feature  either:  one  frcm 
,  > 
USRK  shows  several  other  broad  bands,  while  one  from  Sumitomo  shows 

only  luminescence-  characteristic  of  Cr,  though  its  photoconductivity 
shows  evidence  of  oxygen  (Tyler,  Jaros  &  Penchina  1977).  Thus,  we  con¬ 
clude  that  the  broad  2  pn  band  is  evidence  of  oxygen  impurities.  The 
ibsence  of  this  band  does  not,  however,  necessarily  prove  the  absence 
of  oxygen,  which  might  enter  GaAs  in  some  other  state,  complex,  etc. 

Features  C  a nd  D:  low  wavelength  sidebands 

The  intensity  of  the  broad  long-wavelength  sidebands  of  the  0.57 
eV  zero-phonon  lines  (Fig.  6a)  looks  quite  similar  to  the  density  of 
.attice  phonons  of  GaAs  (Johnson  1966)  (Fig.  6b).  A  major  difference 
is  that  the  peak  in  the  density  of  states  due  to  longitudinal  optical 
phonons  does  not  appear  in  the  sid’eband  spectrum.  There  is  instead  a 
.-oak  shifted  by  40.7  meV  to  longer  wavelength  which  has  the  same  shape 
as  the  zero-phonon  triplet,  and  Lhermalizes  with  it.  If  one  assumes 
the  peak  in  the  density  of  phonon  states  can  bo  represented  by  a  single 
frequency  (i.c.  Einstein  spectrum) ,  then  the  shifted  peak  is  explained 
quite  well  as  a  local  vibration  of  (Cr  on  a  Ga  site  with  no  major  change 
in  force  constants.  Since  W  =  (k/m)r  ,  the  ratio  of  the  frequencies 
would  be 


,  rv — •  .  - 1 

\/  Ga  \  69.72  .  .  , 

V»W  =  V 52700  a  V6 


which  is  in  quite  good  agreement  with  the  measured  ratio 

rJ ,  ,  /W  ,=*1.18. 

local'  peak 

A  more  accurate  treatment  (Penchina  et  al.  1979),  using  the  theory 
of  Dawt-cr  and  Elliott  (1963)  extended  to  the  case  of  a  compound  semi¬ 
conductor,  determines  the  local  mode  frequency  from  the  mass  defect 
and  an  integral  over  the  full  lattice  phonon  spectrum.  This,  however, 
gives  a  local  mode  frequency  which  is  too  low  to  give  a  good  fit  to  the 
experiment  (Fig.  6c y.  A  sufficiently  high  frequency  could  be  obtained 


(c) 

GoAsiCr 

(d) 

GaAs :  40 

(e) 

GaAs:Cr 

.20*/. 


10  20  30 
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50  meV 


o!  Iixix.Tiuvnt.il  plionon  sidobinds  of  0.57  cV  GaAsiCr  luminescence  after* 
removal  of  vvro-plionon  lines  and  background  luminescence.  The  structure 
beyond  U«  40.7  meV  ivak  is  due  to  emission  of  a  local  phonon' and  a 

fund  phonon. 

b)  Lattice  plioiKin  density  of  states  of  GaAs,  from  Johnson  (1966) 

c)  Density  oi.  phonons  at  defect  for  Cr  on  Ga  site,  no  change  of  force 

constants. 

>!)  Density  <>!  phonons  at  def<\M:  for  truss  40  on  0a  cite,  no  ctvinge  offeree 
constant 

o)  Density  of  phonons  at  defect  for  Cr  on  Ga  site,  20  %  increase  in  local 
force  constants. 

The  vertical  scales  of  6(a)-(e)  are  arbitrary,  and  vary  frem  curve  to 
curve. 


by  using  a  mass  of  about  <10  atomic  units  (a  rather  unlikely  impurity 
mass) ,  at  the  cost  of  getting  a  worse  fit  to  the  low  energy  acoustic 
phonon  sidebands  (Pig.  t>d)  .  On  the  other  hand,  for  a  Cr  impurity,  a 
model  using  nearest  neighbour  interactions  enhanced  by  about  20  % 
(Penchina  ct  al.  1979)  gets  the  correct  local  mode  frequency  and 
simultaneously  improvi-::  the  fit:  for  the  low  energy  acoustic  phonon 
sidebands  as  well  (Pig.  Go) . 

It  might  seem  at  first  surprising  that  an  increased  force  constant 
would  increase  the  local  mode  frequency  but  decrease  the  acoustic  . 
phonon  frequencies.  This  is  easily  explained  when  one  realizes  that  in 


p.105  ! 

‘.he  low  cr. orcjy  acoustic  modes,  nearest  neighbours  move  in  phase.  In¬ 
creasing  the  force  constant  tends  to  bind  the  defect  more  rigidly  to 
its  neighbours,  thus  causing  it  to  "drag”  the  neigbours  along  , an 
effect  similar  to  increasing  the  local  mass,  which  then  lowers  the 
frequency.  The  increase  in  force  constant  could  come  from  the  inter¬ 
actions  involving  the  unfilled  d  shell  of  Cr,  and/or  from  a  difference 
in  charge  state  between  the  Cr  impurity  and  the  Ga  for  which  it  sub¬ 
stitutes. 

JlSC'JSSlOW 

Our  study  of  the  0.5?  eV  luminescence  band  in  GaAs:Cr  indicates 

that  the  main  features  can  be  explained  in  terms  of  a  triplet  of 

•■•.ero-phonon  lines  of  chromium  which  arcs  degenerate  with  a  continuum, 

■  Slid  thus  exhibit  both  broadening,  and  a  Fa  no  typo  anti-resonance.  The 

optical  transitions  are  coupled  to  local  vibrations  of  the  chromium 

impurity  which  exhibits  i  20  l  increase  in  local  force  constants.  By 

comparison,  the  0.84  cV  luminescence  shows  no  evidence  of  Fano  reso- 

( 

nance  or  coupling  to  local  phonons.  Since  the  coupling  to  phonons  is 
~o  different  for  the  0.57  cV  and  the  0.84  eV  luminescence,  they  are 
presumed  to  be  due  to  two  different  charge  states  of  Cr.-  The  0.84  eV 
luminescence  is  thought  to  bo  in  some  ways  related  to  Cr  (i.e.  singly 
negatively  charged  chromium  on  a  gallium  site) ,  perhaps  paired  with 
some  shallow  impurity.  Thus,  we  expect  that  the  0.57  eV  luminescence 
is  related  to  Cr'3  +  (neutral  chromium  on  a  gallium  site)  which  should 
also  be  present  in  semi-insulating  gallium  arsenide. 

The  broad  luminescence  band  around  2  (dm  was  found  to  be  charac¬ 
teristic  of  oxygen  in  GaAs.  There  were,  however,  samples  which 
supposedly  contained  oxygen  which  did  not  show  this  band.  Thus,  it  is 
likely  that  oxygen  enters  GaAs  in  more  than  one  state  or  complex,  only 
one  of  which  produces  this  luminescence  band.  Additional  study  of 
oxygen-doped  and  oxygen-free  samples  will  be  needed  before  this  lu- 
m.i.  r.esccncc  band  can  be  used  as  a  definitive  test  for  oxygen  impurities. 
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ac  photoconductivity  measurements  at  T<  20  K  allow  accurate  determination  of  the  energy  levels  of 
GaAs :0  at  F.,  75)  meV  and  of  GaAs:Cr  at  E,  - 838  meV.  O  gives  a  clearly  defined  sharp  threshold, 
while  Cr  shows  a  peak  at  860-870  meV  of  varying  width.  The&e  levels  have  been  observed  in  boat-grown 
and  in  n-  and  p-type  LPE  material.  Oscillatory  photoconductivity  is  observed  in  conjunction  with  the  O 
level. 
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I.  INTRODUCTION 

A  huge  amount  of  literature1"1  exists  on  the  proper¬ 
ties  of  semi -insulating  (SI)  GaAs.  yet  the  energy  levels 
in  these  materials  have  not  yet  been  determined  with  any 
great  accuracy.  There  is  even  disagreement  on  whether 
Cr  introduces  one,  two,  or  three  energy  levels3  in 
GaAs.  Also,  it  is  often  not  clear  whether  or  not  a  given 
material  which  is  nominally  Cr  doped  also  contains 
other  deep  impurities  in  significant  numbers.  It  also 
has  not  yet  been  established  whether  or  not  the  energy 
levels  seen  in  boat -grown  semi -insulating  material 
,®i*t  as  well  in  material  grown  by  liquid -phase  epitaxy 
(LPE). 

This  paper  is  intended  to  help  clarify  this  highly  un¬ 
satisfactory  state  of  affairs  by  (a)  reporting  the  most 
accurate  measurements  of  the  optical  ionization  ener¬ 
gies  of  Cr  and  O  impurity  levels  in  GaAs,  (b)  extending 
the  measurements  of  photoconductivity  to  liquid -He  tem¬ 
perature,  (c)  demonstrating  that  measurements  of  the 
ac  photoconductivity  at  He  temperatures  provide  a 
simple  technique  for  the  detection  of  Cr  and  O  in  GaAs, 
and  (d)  applying  the  same  technique  to  LPE  layers  on 
semi -insulating  substrates  and  demonstrating  the 
existence  of  the  same  energy  levels  in  LPE  material. 

This  paper  does  no!  intend  to  present  measurements 
of  the  photoionization  cross  sections  of  the  Cr  and  0 
impurities  in  GaAs.  As  Grimmeiss  and  Ledebo*  have 
conclusively  shown,  measurement  of  the  photo  conductive 
spectral  response  of  deep  impurities  ca,.  be  quite  dras  - 
tically  dependent  on  speed  of  measurement,  light  inten¬ 
sity.  and  thermal  history.  In  particular,  the  spectral 
response  may  be  strongly  influenced  by  quenching  ef¬ 
fects.  However,  the  threshold  energies  measured  do 
no l  depend  on  these  effects  and  are  therefore  reliable. 


“Parts  of  this  investigation  were  carried  out  while  the  author 
was  employed  by  the  University  of  Dayton  and  supported  by 
U.S.  Air  Force  Contract  F33613-72-2114.  One  sample  (K) 
was  measured  while  the  author  was  at  the  Max  Planck  Insltut 
for  Solid  State  Physics,  Stuttgart,  Germany.  The  work  at  the 
University  of  Massachusetts  was  supi«>rted  by  the  Office  of 
Naval  Research  under  C  ontract  N00014-70-C-0890. 

“Present  address:  Ue'l  Laboratories,  Murray  Hill,  N.J. 
07074. 


II.  EXPERIMENTAL 
A.  Samples 

Samples  A— G  were  cut  from  commercially  available 
SI  substrate  material  from  a  variety  of  sources.  Table 
I  lists  the  samples,  their  sources,  and  the  mass-spec- 
trographlc  analysis  of  the  Cr  and  Fe  content,  as  well 
as  other  information.  The  samples  were  obtained  in 
1973/74  and  therefore  may  not  be  indicative  of  today’s 
material.  Samples  H  and  K  were  Cr-doped  LPE  layers 
of  room -temperature  resistivity  p  >  101  flcm.  Samples 
I  and  J  were  nominally  undoped  LPE  layers ,  n  type 
with  carrier  concentration  in  the  5  *  10u-cm':'  range. 
Samples  H— K  were  grown  on  Cr-doped  SI  substrate 
material.  The  exact  growth  conditions  are  known  only 
for  sample  K  and  are  to  be  described  elsewhere. i 

The  samples  were  usually  etched  briefly  in  5  : 1 : 1 
(HjS04  :  Hj02  :  HjO)  before  contacts  were  made  with  pure 
In  and  an  ultrasonic  soldering  iron.  While  this  method 
does  not  always  give  Ohmic  contacts  (especially  at  He 
temperatures),  it  seems  to  work  as  well  as  any  others 
tried  on  SI  material  and  is  much  simpler.  For  the  n-type 
EPI  layers,  an  In-Sn  alloy  was  used  instead  of  pure  In. 
The  contacts  were  shielded  during  measurements  to 
minimize  photovoltaic  effects. 

In  the  case  of  the  LPE  layers,  contacts  were  made  to 
the  top  epitaxial  layer  only,  but  the  substrate  of  course 


TABLE  I.  GaAs  samples  used. 


Sample 

designation 

Source 

Remarks 

A 

MIT 

SI,  1  ppm  Cr,  0. 5  ppm  Fe 

B 

Bell  and  Howell 

SI,  ~1  ppm  Cr,  0.4  ppm  Fe 

C 

Monsanto 

SI,  0. 03  ppm  Cr,  0. 7  ppm  Fe 

D 

TI 

SI,  0. 2  ppm  Cr,  0. 05  ppm 

E 

Laser  diodes 

SI,  1  ppm  Cr,  0.1  ppm  Fe 

F 

Laser  diodes 

SI,  1  ppm  Cr,  0.  05  ppm  Fe 

G 

Laser  diodes 

SI 

H 

RCA 

5  gm  LPE  Cr-doped  n-type 
layer  on  substrate  G  . 

I 

RCA 

1  jim  n-type  hlgh-purityCPE 
on  substrate  G 

J 

RCA 

1  jim  n-type  high-purity  f^PE 
on  H  ns  the  substrate 

1 5  jim  SI  Cr-doped  ItPE  on  SI 
substrate  Growth  tempera¬ 
ture  825 'C. 

K 

MPI 
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FIG.  1.  Photoconductive  9peetral  response  of  six  samples  of 
SI  GnAs  at  room  temperature,  not  corrected  for  weak  variation 
in  source-liRht  intensity  (dash-dot  line).  Note  that  base  line  Is 
different  for  samples  A,  B,  and  D. 


remained,  shunting  the  LPE  layer.  This  procedure 
possibly  allows  signal  due  to  the  photoconductivity 
(PC)  in  the  underlying  substrate  to  be  mixed  in  with  the 
photoconductive  signal  due  to  the  LPE  layer  alone. 
Fortunately,  experimentally,  the  underlying  substrate 
does  not  appear  to  influence  the  PC  signal  to  any  great 
extent.  This  can  be  seen,  e.g. ,  from  Fig.  5.  If  the 
Cr  -doped  substrate  were  to  contribute  substantially  to 
the  PC  response,  a  peak  at  Cr  level  at  0.84-0.86  eV 
would  appear;  this  is  clearly  not  the  case. 

B.  Measurement  of  the  photoconductivity  spectral  response 

Two  methods  of  measurement  were  used.  For  the 
high -resistivity  samples  A— H  and  K,  a  bias  voltage 
of  50—150  V  was  applied  across  the  sample  and  a  model 
416  Keithley  picoammeter  in  series.  The  light  beam 
was  chopped  at  5-15  Hz  with  a  PAR  variable-frequency 
chopper.  The  output  of  the  Keithley  picoammeter  was 
then  used  as  the  input  of  a  model  124A  PAR  lock-in.  In 
this  configuration,  the  Keithley  is  basically  used  as  a 
dc  amplifier. 

The  other  method  of  measurement,  applied  to  the 
n-type  low -resistance  samples  I  and  J,  consisted  of  a 
lead  resistor  in  series  with  the  sample,  with  the  voltage 
drop  across  this  load  being  used  as  the  input  of  the  PAR 
124A  lock-in. 

III.  RESULTS  AND  DISCUSSION 

Figure  1  shows  the  PC  spectral  response  for  sam¬ 
ples  A— F  at  room  temperature.  There  is  an  extremely 
broad  peak  at  0.84—0.92  eV.  Not  much  difference  be¬ 
tween  the  different  samples  can  be  discerned.  At  liquid  - 
nitrogen  temperature  (Fig.  2).  some  clearly  resolved 
peaks  appear.  Note  the  large  differences  between  these 
samples,  even  though  they  all  are  supposedly  Cr -doped 
SI  GaAs,  according  to  the  manufacturers.  These  peaks 
shift  around  considerably  with  temperature  and  it  is, 
in  fact,  rather  difficult  to  make  sense  out  of  them.  Only 
by  going  to  still  lower  temperatures  does  a  well-defined 
and  reproducible  structure  emerge.  Figure  3  shows  the 
same  six  samples  at  T  '  20  K.  Three  features  are  note¬ 
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FIG.  2.  PC  spectral  response  for  the  same  six  samples  of 
Fig.  1  at  T-  77  K.  Note  that  base  line  Is  different  for  samples 
A,  B,  C,  and  D. 


worthy,  namely,  a  sharp  threshold  at  0. 75  eV,  a  broad 
peak  at  “0.86  eV,  and  an  oscillatory  structure. 

A.  Threshold  at  0.75  eV 

This  sharp  threshold  occurs  in  samples  B,  C,  D,  and 
F.  This  threshold  we  interpret  as  due  to  the  presence  of 
oxygen  in  the  sample.  Its  energy  agrees  well  with  other 
measurements  such  as  deep-level  transient  spectros¬ 
copy5  (DLTS)  and  photoluminescence.  ’  It  has  actually  » 
never  been  proven  that  this  level  at  0.  75  eV  is  due  to 
O  and,  in  particular,  it  is  not  known  whether  it  is  due 
to  interstitial  O,  substitutional  O,  or  some  kind  of 
complex.  Be  that  as  it  may,  we  follow  the  widespread 
notation  and  attribute  this  level  to  GaAs  :0.  The  thresh¬ 
old  energy  at  He  temperature  can  actually  be  deter¬ 
mined  with  great  precision  from  the  extrapolation  of  the 
oscillatory  structure  (Sec.  HIC).  The  exact  value  is 
753  ±5  meV. 

B.  Broad  peak  at  0.86-0.87  eV 

This  peak  is  clearly  correlated  with  the  presence  of 
Cr  in  GaAs.  This  is  evident  from  the  present  mea¬ 
surements  as  well  as  those  of  many  previous  authors3 
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FIG.  3.  PC  spectral  response  for  the  same  six  samples 
at  T-20  K,  Note  that  the  base  lines  of  samples  A,  C,  and  D 
arc  different.  Three  main  features  are  seen:  a  threshold  at 
0. 75  oV  attributed  to  GaAs :  O,  a  broader  peak  at  0. 86— 0. 87 
oV  due  to  GnAs  :  Cr,  and  an  oscillating  structure  In  those  sam¬ 
ples  In  which  the  GnAs  :  O  threshold  Is  strong.  See  text. 
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and  correlates  wall  with  photolumlnescent  data. 1,1  The 
zero  phonon  Una  In  photoluminescence  at  T  =  4. 3  K 
occurs  at  838  a  1  maV.  This  agrees  wall  with  the  tow- 
energy  onset  of  the  peak.  This  wilt  be  even  clearer  from 
data  on  LPE  Cr-doped  CaAa  (samples  H  and  K). 

Only  sample  B  does  not  show  a  peak  at  0. 87  eV, 
even  though  the  mass  -spectrographlc  analysis  shows 
about  1  ppm  Cr  present.  Pose  Lb ly  this  sample  was 
intentionally  oxygen  doped.  The  oxygen  concentration 
could  completely  mask  the  Cr  level.  It  should  be  noted 
that  the  mass  -spectrographlc  analysis  for  sample  B 
was  less  reliable  than  (or  the  others. 

The  width  of  the  peak  can  be  seen  to  vary.  In  sample 
A,  the  half -width  is  -40  meV;  in  sample  F  it  is  -300 
meV.  Since  the  Cr  concentration  in  both  samples  is 
around  1  ppm,  this  does  not  appear  to  be  a  matter  of 
impurity  concentration.  Homogeneity  of  doping  could 
be  a  factor  here.  Sample  F  was  1  cm  thick,  -10  times 
the  thickness  oi  sample  A.  In  any  event,  as  mentioned 
in  Sec  1,  we  do  not  believe  one  should  place  too  much 
value  on  the  detailed  shape  of  the  ac  PC  response,  but 
rely  on  the  main  features. 
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FIG.  S.  PC  spectral  response  of  two  hlgh-purlty  s-type  LPE 
OsAe  Layers  of  l-*un  thickness.  Sample  1  directly  on  SI  sub¬ 
strate:  sample  J  wtth  additional  5-um  LPE  Cr-doped  layer. 

T- 20  K.  Both  samples  show  a  well-defined  threshold  due  to 
GaAs  :0.  Additional  peaks  at  lower  photon  energy  disappear  at 
bias  voltages  greater  than  ~3  V. 


C.  Oscillatory  structure 

The  oscillations  are  periodic  in  photon  energy  with 
period  20.9  meV.  They  disppear  at  electric  field 
strengths  of  greater  than  about  15  V/cm.  Their  origin 
is  due  to  the  combination  of  the  establishment  of  a  non- 
equilibrium  distribution  of  photoexcited  carriers,  the 
energy  dependence  of  their  lifetime  and  mobility,  and 
the  rapid  emission  of  localized  phonons  of  energy  20. 9 
meV.  For  a  detailed  discussion,  we  refer  the  reader  to 
Ref.  10.  The  energy  of  20. 9  meV  was  attributed10  to 
localized  phonons  associated  with  oxygen  in  GaAs.  Dean 
and  Henry”  found  energies  of  28.4  meV  for  Localized 
modes  of  O10  and  24.  7  meV  for  O19  in  the  photolumi¬ 
nescence  spectrum  of  the  oxygen  donor  in  GaP.  Thus, 
an  energy  of  20.9  meV  for  a  localized  mode  of  O  in  the 
GaAs  lattice  seems  quite  reasonable. 
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Sample  C  is  the  only  one  in  which  there  is  a  signifi¬ 
cant  PC  response  for  photon  energies  lower  than  0. 75 
eV  which  extended  out  to  at  least  0. 5  eV.  (For  experi¬ 
mental  reasons,  the  cut  on  could  not  be  investigated. ) 
This  is  almost  certainly  due  to  the  fact  that  this  sample 
contains  more  Fe  than  Cr  (see  Table  I),  even  though 
it  was  specified  to  be  Cr-doped  SI  GaAs  substrate 
material.  Fe  is  known12  to  introduce  a  level  at  approxi¬ 
mately  0. 52  eV  from  the  valence  band,  and  the  longer 
wavelength  response  seen  in  sample  C  must  be  attribut¬ 
ed  to  transitions  to  these  levels.  Sample  C  also  exhibits 
a  small  peak  at  740—742  meV,  Just  before  the  threshold 
due  to  O.  This  peak  persists  as  the  temperature  is  in¬ 
creased  to  77  K  (Fig.  2).  The  origin  of  thiB  peak  is 
unclear.  A  similar  effect  was  seen  in  samples  I  and  J 
(see  below). 

Figure  4  shows  the  PC  spectrum  of  a  Cr-doped  LPE 
layer  (sample  H)  and  of  the  substrate  alone  on  which  it 
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FIG.  4.  PC  spectral  response  of  a  5  pm  Cr-doped  LPE  layer 
(sample  U)  mid  Us  substrate  (sample  C)  at  T-20  K.  Both  the 
threshold  due  to  GaAs :  O  and  the  peak  due  to  GaAs :  Cr  are 
clearly  visible  in  both  samples,  although  the  oxygen  content 
appears  much  reduced  In  the  LPE  layer. 


FIG.  6.  PC  spectral  response  of  15-pm  LPE  Cr-doped  layer 
grown  at  825  *C  In  Kj  atmosphere.  7’=4.2  K.  No  signal  due  to 
GaAs  :  O  detectable.  Threshold  of  838  meV  corresponds  to  zero 
phonon  line  of  GaAs  :Cr  observed  In  luminescence  In. the  same 
material. 
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was  grown  (sample  C).  The  threshold  due  to  GaAs  :  0 
Is  seen  In  both,  although  much  reduced  In  the  epilayer. 
A  considerable  sharpening  of  the  Cr  peak  at  0. 86  eV 
can  also  be  observed.  Whether  or  not  this  is  due  to  the 
much  lower  Cr  concentration  in  the  LPE  layer  or  to  the 
presence  of  competing  quenching  effects  cannot  be 
determined.  That  the  application  of  the  ac  PC  technique 
is  suitable  for  this  epilayer  is  shown  in  Fig.  5.  Contacts 
were  made  to  the  1 -/um -thick  n- type  LPE  layer  without 
removing  the  SI  substrate.  For  sample  J,  an  additional 
5 -pm  Cr-doped  LPE  layer  had  been  grown  on  top  of  the 
SI  substrate.  The  PC  spectral  response  for  both  sam¬ 
ples  I  and  J  is  practically  identical  and  demonstrates 
the  presence  of  O  in  these  layers.  fTcfftu 


Both  samples  exhibit  an  additional  peak  slightly  be¬ 
low  the  0.75-eV  threshold.  These  peaks  disappeared 
when  the  bias  across  the  structure  was  increased  about 
3— 4  V.  The  average  field  strength  between  the  contacts 
would  then  be  15—20  V/cm.  Although  models  based  on 
the  existence  of  an  excited  state,  impact  ionization, 
etc. ,  can  be  constructed,  we  cannot  really  offer  an 
explanation  for  this  strange  behavior.  A  similar  peak 
was  observed  in  the  bulk  sample  C. 


Figure  6  finally  shows  the  PC  spectral  response  of  a 
Cr-doped  LPE  layer  on  a  SI  substrate  in  which  ap¬ 
parently  all  O  contamination  had  been  eliminated.  The 
low-energy  threshold  coincides  quite  clearly  with  the 
energy  of  the  zero  phonon  line  of  GaAs  :  Cr  measured  in 
photoluminescence. 8,9 


IV.  CONCLUSIONS 

ac  photoconductivity  measurements  at  T  S  20  K  allow 
an  accurate  determination  of  the  energy  levels  and  give 
information  about  the  relative  concentrations  of  Cr  and 


O  in  SI  GaAs.  The  technique  la  also  applicable  to  thin 
epitaxial  layers.  O  produces  a  sharp  threshold  at 
753*  5  meV  at  He  temperatures,  while  Cr  Is  recognised 
by  a  peak  of  varying  width  at  0. 86—0. 87  eV.  These 
levels  are  at  the  identical  energetic  positions  in  boal- 
grown  and  in  LPE  material.  Commercially  available 
Cr-doped  SI  substrate  material  often  contains  large 
concentrations  of  levels  due  to  O  and,  in  one  instance, 
due  to  Fe.  The  level  at  753  meV,  attributed  to  GaAs  :0 
which  Is  commonly  seen  In  VPE  and  boat -grown  mate- 
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ERRATUM 

Samples  II,  I,  J  were  grown  by  VPE  using  the  AsH3/Ga/HCl/H2 
system,  not  by  LPE  as  assumed  in  the  paper.  Sample  H  was  grown 
using  Cr02Cl2  as  the  doping  gas. 

This  fact  invalidates  the  statement  made  in  the  paper  that 
the  0-level  had  been  observed  in  LPE  material. 

The  author  wishes  to  thank  S.  Y.  Narayan,  who  supplied 
these  samples  to  the  USAF  Avionics  Laboratory,  for  pointing 
out  the  error. 

Dr.  H.  J.  Stocker 
Bell  Laboratories 
Room  2D360 
600  Mountain  Avenue 
Murray  Hill,  NJ  07974 
(201)  582-3572 
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J7J.  tnd  1*3  K  The  del*  are  alum  conuurnl  with  a  model  involving  an  impurHy-lfrcimducikm  band 
trannimn.  Tbe  impurity  binding  energy  i»  found  al  1)4*  eV  from  ilie  conduction  hand,  ai  0  K.  Thta 
enerty  daercaaea  with  iitcreaung  tempe  inline.  IV  data  also  indkaic  a  Franck  Condon  >htft  of  0  14  eV 
and  a  center  of  anal  or  Inner  aymmelry.  Three  mull*  enable  ut  in  link  our  ohtcrvetinm  in  earlier 
reponi  on  UaAa:0  and  to  conclude  that  Ibey  all  refer  lo  the  “OTJ-eV"  center  aunciated  with  tV 
preaeitce  of  oaygen. 


.  FACS  number*:  7140  ew,  71  55.Fr 

We  present  experimental  results  concerning  extrinsic 
photoconductivity  In  melt -drown  GaAs  dieted  with  oxygen, 
taken  at  80,  180,  275,  and  285  K.  Theoretical  examina¬ 
tion  al  the  data  Indicates  ihut  the  observed  spectra  are 
consistent  with  a  model  ol  a  level  at  0, 69  eV  from  Ihe 
conduction  band  (at  0  K),  with  a  Franck-Condon  shtlt 
ol  0. 14  eV.  We  predict  that  the  center  possesses  axial 
or  lower  symmetry  and  might  exhibit  a  large  nonradla- 
live  capture  cross  section  lor  electrons.  With  increas¬ 
ing  temperature  the  binding  energy  with  resitcei  l<>  the 
conduction  band  edge  decreases.  These  results  suggest 
that  the  level  Is  the  familiar  "oxygen"  level,  observed 
lor  instance  ty  Lang  t'l  ol. 1  in  their  TILTS  experiments 
and  later  found  to  be  a  commonly  occurring  center  in 
epitaxial  materials. 1  The  large  uonradiattve  capture 
cross  section  lor  electrons  and  a  dipole  moment,  re¬ 
ported  by  Lang  ft  el.1  and  by  Jonath  ol  ol.,'  respec¬ 
tively,  and  also  the  worn  on  Ca,.Jn,As  '  which  shows 
that  the  center  Is  not  likely  lo  be  a  simple  substitutional 
donor  oxygen  fit  nicely  Into  the  model  proposed  here. 
Although  the  binding  energy  reported  was  0.75  eV,  the 
temperature  dependence  of  the  binding  energy  deduced 
from  our  data  implies  an  additional  correction1-1  which 
brings  the  estimate  lo  a  lower  value  ol  ~  0.  70  eV  al  0  K. 

Our  high-resistivity  (  10‘  R  cm)  GaAs  sample  was 
grown  by  Sumlinoto  Co. .  with  deliberate  oxygen  doping. 
The  typical  mass-spcctmgraphir  data  quoted  by  the 
manutacturer  show  4. 539,  0.491,  0.180,  and  0.022 
atomic  ppm  of  O,  SI,  Cr,  and  Cu,  respectively. 

The  resistivity  is  reported  to  have  an  activation  energy 
of  about  0. 72  eV  from  300  to  400  K. 

The  photoconductivity  data  were  taken  following  the 
method  pioneered  by  Grimmets  .7  ol.  *  Gy  varying  the 
photon  flux  with  wavelength  to  keep  the  sample  conduc¬ 
tivity  constant  (1.  e. ,  keep  the  current  constant  witli 
fixed  bias  voltage),  we  obtain  the  optical  absorption 
cross  section  e()tv)-l/<b,  where  *  is  the  photon  flux. 

If  only  one  !nipurily-lo-band  transition  is  involved,  this 
result  holds  good  al  any  phntocurrent  provided  llmt  * 
is  small  enough  for  ip  S.  (Here  A  is  the  number  ol 

*,Si|iported  In  part  by  ONtt  under  Contract  No.  N0U014-7S-C- 

0S80. 
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Impurities  in  the  material,  and  »  Is  Ihe  number  of  con¬ 
duction  electrons  under  steady-state  condition*. )  We 
found  that  unlens  a  sufficiently  high  photocurrent  ni 
chosen,  the  results  did  depend  on  ihe  current.  0o  fact 
the  results  of  Grimmeiss  and  Lcdebo*  do  seem  to  depend 
on  the  current  as  well;  see  their  Fig.  1.’)  The  data 
shown  In  our  Fig.  1  Indicate,  however,  that  for  a  suf¬ 
ficiently  high  phoio-to-flark  current  ratio  the  results 
became  essentially  tnde|>endenl  of  Ihe  current  value. 

(It  might  be  worth  remarking  that  at  low  currents  our 
results  also  varied  somewhat  depending  on  whether 
ihe  photon  energy  was  changing  from  lower  values  to 
higher  ones  or  vice  versa. ) 

We  ran  understand  this  effect  If  we  assume,  for  ex¬ 
ample,  tliat  there  is  a  second  level  in  the  band  gap  such 
that  Af,  •  S,  anti  o,  •  e,.  In  ihe  steady  state  rtu/ill  -  0,  so 

2a|C|”i  -r,(W, -n,)n  =  0,  (1) 

where  n,  Is  the  density  of  impurity  levels  Nt  filled  with 
electrons,  r,  is  the  capture  rate,  and  e,  is  the  emission 
rale.  In  thermal  equilibrium,  c[“  and  c,  (we  use  super¬ 
scripts  th  and  o  to  represent  thermal  and  optical  pro¬ 
cesses,  respectively)  are  related  by  detailed  balance,,•,, 

e,  =cj  ►  ri* - 4>o,  +  r!* - *®,  *r,n,„  (2) 

where  n„  is  the  value  of  »  in  thermal  equilibrium  11 
the  Fcrnti  level  is  at  E,.  Further,  in  the  steady  stats 
tltit/dl  *=  0,  so 

St  <f|»t/<'i  •-  (»’  -L,n(nj.,)/*.  ^ 


FIG.  I.  The  normatlned  cro««  icctlon*  obtained  at  SO  K,  for 
different  ph,»to-lo-d*rk  current  ration. 
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rtO.  t.  The  normalised  gnti  sections  l(  a  function  of  photon 
MID.  Tbs  data  taken  with  the  GaAa  niter  arc  shown  by  the 


Under  the  above  condition  with  only  two  deep  levels  at 
E,  and  £,.  with  N,  >  N,  and  a,/c,  >  0,/c,,  for  sufficiently 
high  photon  flux,  n,-0  while  n,  ia  still  »N|.  and  the 
photocurrent  is  large  compared  with  the  dark  current 
so  n  >  ft,,.  Then  <\«(r,a,)/(Af1+)«-  const/*  at  a  constant 
current  and  temperature. 

In  the  range  of  photon  energies  up  to  -1.1  eV,  we 
were  able  to  eliminate  the  intrinsic  component  of  light 
with  a  silicon  filter  and  the  corresponding  results  may 
provide  reliable  Information  about  e.  Above  1. 1  eV  (the 
dotted  lines  in  Fig.  2),  we  had  to  use  a  GaAs  filter  and 
some  effect  due  to  the  Intrinsic  signal  must  be  expected. 
At  high  temperatures  the  curves  oQiv)  broaden  and  the 
maximum  of  o  folia  at  energies  above  1. 1  eV.  Since  we 
were  not  able  to  determine  the  latter  part  of  o(ftv)  very 
accurately  and  since  the  shape  of  the  cross  section  can- 
lot  be  accurately  evaluated  without  a  knowledge  of  the 
position  of  lta  maximum,  we  must  expect  some  error 
In  the  result  presented  In  Fig.  2.  Also  the  measure¬ 
ments  at  high  temperatures  for  a  we.ik  signal  such  as 
oura  are  generally  less  reliable.  Indeed  the  large  dif¬ 
ference  botween  the  room-  and  ice-lrmpcrature  runs  is 
probably  a  gobd  Indicator  of  the  error. 

An  Interpretation  of  these  results  depends  on  the  fol¬ 
lowing  observations.  The  sharp  sperira  at  tow  temper¬ 
atures  Indicate  that  the  transition  matrix  clement  In¬ 
volves  a  p-llke  Impurity  wave  function  and  the  conduc¬ 
tion-band  Bloch  functions. 15  The  bimiilrniiix  cleurly 
visible  when  we  compare  the  80-  and  190-K  curves  in- 
Ilcates  a  Franck-Condon  effect.  The  shift  in  the  posl- 
Ton  of  the  maximum  towards  lower  energy  at  190  K 
hows  that  the  binding  cnorgy  decreases  with  increasing 
emperature.  Although  we  have  no  evidence  to  prove 
hat  the  transition  involves  the  conduction  band,  such  a 
lypothcsls  Is  consistent  with  all  we  kuuw  about  this 
enter.  On  Ihe  basis  of  these  observations  we  compute11 
he  phototon) cation  cross  section  at  80  and  1#0  K.  Tim 
electron-phonon  Interaction  is  included  via  the  strum: 
coupling  model,  in  the  semiclnsslcal  approximation. IJ 


The  cross  section  then  become* 

-9/«a s£w”4 


kv-(  Fi.lv t)T 


The  notation  is  explained  In  Fig.  >,  The  vatu**  of  the 
binding  energy  derived  in  thl*  way  are  E,  (60  K) 

“0.68  *V  and  E,  (160  K) “ 0. 64  *V.  and  rfrc-0.14  *V. 
The  theoretical  curves  are  shorn  in  Fig.  6.  It  would 
eeem  that  the  levet  ia  "pinned"  at  0. 62  eV  from  the 
valence  band  in  this  range  of  temperature. 

Spectra  of  oxygen- doped  GaAs  have  been  studied  by  a 
number  of  researchers.  However,  the  spectra  reported 
there  always  show  many  transitions  perhaps  due  to 
several  optically  active  centers  in  their  material. 

Lang  el  «/.  in  their  OLT8  measurements1  on  melt- 
grown  GaAs  reported  a  deep  level  at  Q.75  eV,  with  a 
Urge  electron  capture  cross  lection  and  a  barrier 
energy  £,  -*80  meV  (see  Fig.  3),  and  reUted  it  to  the 
earlier  data  often  aisocUted  with  the  presence  of 
Mtygen.  Mlrcea  el  at. 1  found  that  a  trap  of  precisely 
the  same  description  appears  1-  undoped  epitaxial 
(VPE)  GaAs.  This  measuremer.t  was  extended  to  in¬ 
clude  Gaj.jlrvAs  alloys. 1  A  comparison  cf  these  re¬ 
sults  with  theoretical  calculations  of  the  binding  energy 
m  the  alloy  indicates  that  the  level  is  not  likely  to  be  a 
simple  substitutional  donor  oxy;en.  Indeed  the  capture 
data  would  be  inconsistent  with  such  a  notion.  The  larce 
(nonradiative)  capture  cross  section  and  a  small  barrier 
energy  E,  imply  a  large  Franck-Condon  shiit.  Further, 
more,  no  such  effects  have  been  reported  for  the  single- 
donor  oxygen  in  Gap  which  should  exhibit  very  similar 
properties  to  its  analog  in  GaAs. 14  Finally,  Jonath  at 
at. 1  found  a  deep  center  in  GaAs  :0  near  the  middle  of 
the  gap  which  possesses  a  dipole  moment.  This  and  the 
failure  to  simply  correlate  the  .tensity  of  this  center 
with  the  doping  levels  of  oxygen'  '  also  support  the  Idea 
of  a  more  complex  center. 

The  binding  energy  of  0. 75  eV  1  was  deduced  front  the 
detatled  balance  equation  where  the  capture  cross  sec¬ 
tion  was  corrected  for  its  temperature  dependence.  If, 
however,  with  Increasing  temperature,  the  level  re¬ 
mains  fixed  in  energy  with  respect  to  the  valence  band. 


FIG.  a,  A  conflgurntton-coordlmitc  diagram  showing  s  deep 
level  of  binding  energy  £ , ,  exhibiting  ihe  Franck-Condon  effect 
(<#re ).  E „  la  Ihe  optlonl  Ionisation  energy  and  Et  It  the  barrier 
for  nonraillallve  capture,  f,  Imlie.itee  ihe  hand  gap.  In  GaAs 
(lief.  8),  F,-I.McV— lnr-/(r*9ll,  where  0  ■  8.4  eltr*  eV  if1 
and  g  •  g04  K. 
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FIC.  4.  The  "high-temperature"  ilrnelly  o f  states  uf  RuAe  near 
the  bond  edges,  smoothed  (rum  paeudopoteatlal  calculation*  of 
Chelikoveky  and  Cota*  (Rtf.  IS. 


then  this  result  overesti  nates  the  zero  ler.ipcralurp 
binding  energy1  by  gbout  SO  mtV.  Therefore,  (lie  binding 
energy  deduced  from  our  optir.il  experiments,  namely. 

0. 69  cV  at  0  K.  seems  very  rinse  to  the  above  estimate 
of  0.70  eV.  Our  renter  Joes  exhibit  a  significant 
Franrk-Condon  effect  a-.d  most  likely  possesses  axial 
or  lower  symmetry,  thus  making  a  large  nonradlative 
capture  cross  section  probable.  In  brief,  our  assess¬ 
ment  of  the  optical  data  in  terms  of  the  defect  binding 
energy,  its  temperature  dependence,  symmetry,  and 
the  magnitude  of  the  Franck -Condon  effect  enables  us 
to  connect  all  the  above-mentioned  observations  and 
propose  that  they  be  related  to  one  particular  center 
associated  with  the  presence  of  oxygen  In  GaAs. 

The  above  conclusions  were  reached  without  taking 
into  consideration  our  lugh-lemperature  data  which  also 
appear  In  Fig.  2.  Although  we  have  cast  some  doubt  on 
the  reliability  of  these  results,  their  overall  character 
is  worth  Investigating.  At  low  temperature  the  maximum 
of  the  optical  cross  section  appears  at  energies  dose 
to  the  threshold.  Also,  die  Gaussian  in  Eq.  (4)  1*  fairly 
narrow.  Since  the  secondary  conduction-band  minima 
appear  at  and  above  0.29  eV  from  the  bottom  of  the  con¬ 
duction  band,  the  calculation  ol  o  at  low  temperatures 
could  be  performed  (in  L-.e  range  ut  energies  of  interest) 
employing  the  simple  density  of  states  formula,  l.e. , 

P~  Eu:.  At  high  temperatures,  the  i-russ  section  would 
be  much  more  affected  by  the  character  of  the  density 
of  states  over  a  large  area  of  k  space.  Our  approxima¬ 
tion,  therefore,  definitely  breaks  down  there.  As  has 
been  pointed  out  earlier. I<,K  u  would  mam  lest  itself  as 
a  "broadening"  of  offte)  and  a  shift  of  the  maximum  of 


o  towards  highs-  energies.  We  feel  that  the  flattening 
ut  o  observed  at  high  temperatures  Is  due  to  s  com¬ 
bi  nation  of  both  Ute  Franck-Condun  and  the  density  of 
stales  effects.  To  appreciate  this  process  quantitatively 
we  would  have  to  go  tar  beyond  the  simple  theory  which 
resulted  In  Eq.  (4).  However,  some  Insight  might  be 
provided  tf  we  substitute  for  p(F)  the  density  ol  state* 
obtained  from  pseudoput initial  calculations,"  and 
"smoothed"  to  account  lor  broadening  at  higher  temper¬ 
atures  (Fig.  4).  Taking  I ,  (2901-0.(1  rV  and  rffc i- 0. 14 
(predirted  front  our  low- temperature  data)  and  employ¬ 
ing  the  density  ol  states  shown  in  Fig.  4  Instead  of  the 
M1'1  term.  In  Eq.  (4),  we  compute  a  theoretical  curve 
and  compare  It  with  the  experimental  ones  In  Fig*  2. 
The  comparison  seems  quite  favorable. 

We  wish  io  thank  Or.  Hans  Stocker  for  donation  of 
sample*  and  for  helpful  discussions  at  the  early  stage 
of  this  work,  aod  Unite  lllack  and  Ben  Crooker  for 
technical  assistance. 
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